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1.0  INTRODUCTION 


The  eight  major  tasks  listed  below  have  been  planned  to  achieve  the  program 
objectives.  Namely,  (a)  assessing  the  validity  of,  and  recommending  improve¬ 
ments  to  MIL-A-83444,  (b)  developing  guidelines  for  identifying  the  most  crit¬ 
ical  initial  primary  damage  locations  for  typical  aircraft  structures,  and  (c) 
assessing  and  improving  the  state-of-the-art  analytical  methods  to  satisfy  the 
requirements  of  MIL-A-83444. 


Task  I: 
Task  II: 
Task  III : 
Task  IV: 
Task  V: 
Task  VI: 
Task  VII: 

Task  VIII: 


Analytical  Methods 
Basic  Tests 

Analytical  Predictions 
Structural  Tests 

Analytical /Experimental  Correlations 

Assessment  of  and  Recommended  Improvements  to  MIL-A-83444 
Guidelines  for  Selecting  Most  Critical  Initial  Primary  Damage 
Location 

Assessment  of  and  Improvements  to  Damage  Tolerance  Analyses 


The  material  presented  in  this  report  includes  the  results  of  the  structural 
specimen  tests  conducted  under  Tasks  II  and  IV,  and  the  analytical  crack 
growth  predictions  and  lives  associated  with  them.  This  program  began  In  Sep¬ 
tember  1982  and  completed  in  May  1986. 


This  report  presents  the  analytical  predictions  and  the  test  results  of  the 
Structural  Test  Program;  It  also  presents  a  summary  of  the  Basic  Test  Program 
conducted  prior  to  the  Structural  Testing.  The  predictions  were  correlated 
with  the  experimental  data  to  show  the  effectiveness  of  the  analytical  methods 
for  predicting  crack  growth  and  crack  initiation.  The  analytical  methods  used 
are  documented  in  Volume  II  of  the  report,  and  include  Crack  Growth  Method 
"Method  1"  and  Combined  Method  "Method  2".  A  short  description  of  "Method  1" 
and  "Method  2"  is  provided  in  Section  2.0. 


The  structural  test  program  included  thirty-six  (36)  lap-joint  specimens  rep¬ 
resenting  structural  splice  configurations  often  found  in  airframe  construc¬ 
tion,  and  thirty-six  (36)  stringer-reinforced  subcomponent  specimens  to  repre¬ 
sent  typical  stringer  to  skin  panel  configuration.  The  crack  growth  life  of 
each  specimen  was  predicted  using  the  computer  program  "OAMGRO"  (Ref.  DAMGRO 
User  Manual).  The  computer  program  and  the  analytical  parameters  and  tech¬ 
niques  associated  with  it  have  been  developed  during  Phase  1  of  the  program. 

The  Basic  Test  Program  was  conducted  to  obtain  static  and  fatigue  allowables 
used  during  the  structural  test  program.  It  included  sixty  (60)  tensile  spec¬ 
imens  to  establish  basic  static  allowables,  eighty  (80)  crack  initiation  spec¬ 
imens  to  establish  fatigue  initiation  parameters,  twenty  (20)  fracture  tough¬ 
ness  specimens  to  establish  critical  fracture  toughness  allowables  and  sixty- 
four  (64)  constant  amplitude  crack  growth  rates  specimens  to  establish  da/dN 

vs  K  ,  curves, 
max 

The  materials  selected  for  the  entire  test  program  were  7075-T6XX  and  2024- 
T3XX  to  represent  typical  bomber  and  fighter  lower  wing  skin  materials,  re¬ 
spectively.  The  loading  spectra  chosen  were  the  'AMAVS'  randomized  loading 
spectrum  to  represent  a  bomber/cargo  type  aircraft  and  the  'A-10A1  loading 
spectrum  to  represent  a  fighter/trainer  type  aircraft.  An  additional  loading 
spectrum  was  a  constant  amplitude  loading.  The  loading  conditions  for  AMAVS 
and  A-10A  spectra  are  presented  in  Volume  IV  of  the  report.  The  analytical 
predictions,  however,  were  done  using  condensed  loading  spectra  as  shown  in 
Appendix  A.  The  analytical  formulations  as  well  as  the  symbols  used  in  this 
report  are  defined  in  Volume  II. 
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2.0  ANALYTICAL  METHODS 


The  analytical  methods  and  the  material  allowables  used  in  predicting  the 
crack  growth  life  of  the  structural  test  specimens,  were  established  under 
Task  I  and  Task  II  of  the  program.  Task  I  included  the  derivation  of  the 
stress  intensity  and  stress  severity  factors  for  various  structural  configura¬ 
tions.  It  also  included  the  development  of  a  computer  program  "DAMGRO",  which 
provides  an  automative  means  of  predicting  crack  growth  and  crack  initiation 
of  structural  elements.  Task  II,  Included  coupon  testing  to  establish  the 
basic  material  allowables  such  as  constant  amplitude  crack  growth  rates,  crit¬ 
ical  fracture  toughness,  crack  initiation  allowables,  and  tensile  properties. 

The  analytical  predictions  were  performed  using  two  methods: 

a)  Crack  Growth  Method,  "Method  1"; 

This  method  is  consistent  with  the  current  initial  flaw  requirement 
defined  in  MIL-A-83444.  In  addition  to  the  primary  flaw  of  0.050  inch, 
secondary  flaws  of  0.005  Inch  are  assumed  to  exist  at  the  edge  of 
adjacent  holes.  All  cracks  are  grown  simultaneously  under  the  appli¬ 
cation  of  spectrum  loading. 

b)  Combined  Method,  "Method  2"; 

This  methci  combines  crack  growth  with  crack  initiation.  Rather  than 
assumed  secondary  flaws,  a  prediction  of  crack  Initiation  is  done.  The 
initiation  was  postulated  to  depend  on  the  strain  energy  density 
(S  =  0.5  (CTK)2/E)  at  the  edge  of  the  holes.  A  damage  index  ' d^ ' 
was  derived  for  every  loading  spectra  to  determine  the  time  of  crack 
initiation. 

The  analytical  parameters  associated  with  both  methods  are  given  in 
Volume  II  of  the  report,  and  in  the  "DAMGRO"  user  manual. 
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Since  the  test  specimens  were  subjected  to  randomized  flight-by-flight  loading 
spectra,  a  load  interaction  model  had  to  be  used.  The  model  used  was  the 
Modified  Willenborg  retardation  model,  with  shut-off  value  of  2.3  (for  alumi¬ 
num  alloys).  The  model  is  described  in  Volume  II  of  the  report. 

2.1  MATERIAL  PROPERTIES 

The  basic  material  properties  for  2024-T3XX  and  7075-T6XX  were  established 

during  Task  II  of  the  program  and  are  provided  in  Section  3.0;  they  include 

crack  initiation  parameters,  fracture  toughness  data,  crack  growth  rates,  and 

tensile  properties.  The  crack  growth  rates  were  presented  using  the  Modified 

Walker  Equation,  da/dN  vs.  K  .  The  equation  has  the  form; 

max 

da/dN  =  c  ((1-R)"1 

where  c,  m,  n  are  Walker  constants  summarized  in  Section  3.4.  R  and  K 

max 

are  the  stress  ratio  and  maximum  stress  intensity  factor. 

2.2  APPLIED  LOADING  SPECTRA 

During  the  structural  test  program,  three  distinct  loading  spectra  were 
applied.  They  include  the  following: 

a)  Constant  amplitude  loading  spectrum.  The  loading  spectrum  contained 
repeated  cycles  with  equal  load  amplitude.  The  majority  of  the  speci¬ 
mens  were  tested  at  a  maximum  stress  level  of  17.0  Ksi  and  stress  ratio 
of  R  =  0.10. 

b)  The  A-10A  flight-by-flight  loading  spectrum.  The  spectrum  represents 

f lighter/trainer  type  maneuvers.  The  cycles  were  randomized  flight-by¬ 
flight,  including  take-off  and  landing  cycles.  Twenty-five  (25)  re¬ 
peated  identical  loading  blocks  were  applied  to  represent  one  life  time 
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on  the  A-10A  aircraft  (=6000  hours).  Each  block  contained  approximately 
7416  cycles.  The  cycle  by  cycle  loading  spectrum  is  given  in  Volume  IV 
of  the  report.  A  Condensed  Loading  Spectrum  was  used  during  the  Analy¬ 
tical  Prediction  as  shown  in  Appendix  A.  It  contained  204  stress  layers 
for  every  4%  of  life  (Ref.  App.  A). 

c)  The  AMAVS  flight-by-flight  loading  spectrum.  The  spectrum  represents 

typical  bomber/cargo  type  maneuvers.  Approximately,  128  repeated  Spectrum 
Blocks  represent  one  life  (=  13,500  hours).  Each  Spectrum  Block 
contains  11245  cycles.  In  performing  the  Analytical  Predictions  a 
condensed  stress  spectrum  was  used  containing  112  stress  layers  (Ref. 

App.  A). 


Figure  2-1.  Fracture  Surface  of  7075-T651  Aluminum  Alloy 
Subjected  to  AMAVS  Loading  Spectrum 
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3.0  BASIC  ALLOWABLES  TEST  PROGRAM 


The  purpose  of  the  basic  test  program  was  to  establish  static  and  fatigue 
allowables  for  the  product  form  used  during  the  structural  test  program.  A 
total  of  two  hundred  twenty  four  (224)  specimens  were  tested,  including  the 
following: 

o  Sixty  (60)  tensile  coupon  tests 
o  Eighty  (80)  crack  initiation  coupon  tests 
o  Twenty  (20)  fracture  toughness  coupon  tests 

o  Sixty-four  (64)  constant  amplitude  crack  growth  rates  coupon  tests 

In  addition,  one  (1)  specimen  was  subjected  to  the  AMAVS  randomized  spectrum 
for  the  purpose  of  establishing  marker  band  verification.  The  basic  test 
program  is  described  in  detail  in  Volume  III  of  the  report. 

The  specimens  were  made  of  2024-T3XX  and  7075-T6XX  Aluminum  Alloys,  similar  to 
that  used  during  the  Structural  Test  Program. 

3.1  TENSILE  TEST  PROGRAM 

The  purpose  of  the  tensile  test  program  was  to  establish  the  material  accept¬ 
ability  and  to  provide  the  static  allowables  of  the  material  selected  The 
parameters  evaluated  include  yield  and  ultimate  allowables  and  percentage 
elongation.  The  tests  were  performed  in  two  grain  directions,  namely,  longi¬ 
tudinal  and  transverse  directions.  A  summary  of  the  average  tensile  proper¬ 
ties  for  2024-T3  and  7075-T6  aluminum  alloy  is  provided  in  Table  3.1-1. 
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TABLE  3.1-1.  AVERAGE  TENSILE  PROPERTIES 


PRODUCT 

FORM 

YIELD 

STRENGTH  (KSI) 
LONG.  TRAN. 

ULTIMATE 
STRENGTH  (KSI) 
LONG.  TRAN. 

ELONGATION 

(X) 

LONG.  TRAN. 

YOUNG'S 

MODULUS  (KSI  103) 
LONG.  TRAN. 

2024-T3 

0.19"  Sheet 

53.1 

45.0 

67.4 

67.2 

14.8 

18.0 

10.7 

11.0 

2024-T3 

0.09*  Sheet 

52.9 

42.5 

69.0 

67.5 

17.0 

19.2 

11.4 

10.2 

2024-T351 
0.25"  Plate 

51 .1 

45.4 

70.0 

67.0 

20.2 

18.8 

10.5 

11.0 

2024-T351 1 
0.19"  Tee 

53.3 

50.5 

67.4 

62.6 

17.8 

7.5 

11.0 

10.7 

2024-T351 1 
0.25"  Angle 

47.6 

43.2 

62.3 

58.9 

21.3 

10.7 

11.1 

10.3 

7075-T651 
0.31"  Plate 

77.9 

75.4 

82.7 

84.1 

13.5 

12.8 

10.1 

10.2 

7075-T6 

0.16"  Sheet 

77.2 

73.8 

81.6 

84.3 

15.0 

13.3 

10.4 

10.8 

7075-T651 

0.4"  Plate 

77.2 

72.6 

79.6 

79.4 

13.8 

11.5 

11.1 

10.7 

7075-T651 1 
0.31"  Tee 

78.9 

69.7 

86.2 

76.6* 

12.8 

9.3 

10.9 

10.3 

7075-T651 1 
0.31"  Angle 

82.7 

77.2 

89.2 

85.2 

11.8 

11  .0 

10.4 

10.2 

*8elow  A-allowable,  l.e.  78.0 


3.2  CRACK  INITIATION  TEST  PROGRAM 


The  purpose  of  the  crack  Initiation  test  program  was  to  provide  fatigue  initi¬ 
ation  allowables  for  the  product  form  used  during  the  structural  test  program. 

The  method  of  predicting  crack  Initiation  (aQ  *  0.050  inch  corner  flaw)  was 

derived  during  Phase  1  of  the  program.  The  crack  Initiation  was  postulated 

to  be  a  function  of  damage  accumulation  which  Is  determined  by  the  strain  ener- 

2 

gy  density  at  the  edge  of  a  notch  S  =  0.5  (<TK)  /E.  The  stress  severity 
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factor  (K  =  a$Y  Kt)  was  selected  as  a  measure  of  the  elastic  stress  con¬ 
centration  at  the  edge  of  a  fastener  hole  subjected  to  both  fastener  load 
transfer  and  bypass  stresses  generated  by  loads  away  from  the  hole.  The  param¬ 
eters  apy  were  determined  experimentally  to  characterize  the  effect  of 
fastener/hole  interference  fit,  clamp-up,  and  the  presence  of  faying  surface 
sealant,  respectively.  The  technique  for  predicting  crack  initiation  and  the 
initiation  parameters  associated  with  it  are  described  in  Volume  II  of  the  re¬ 
port.  The  relation  between  the  strain  energy  density  and  the  number  of  cycles 
needed  to  crack  initiation  was  established  experimentally  (Volume  II)  for 
2024  -T3XX,  and  7075-T6XX  aluminum  alloys  as  being: 

S  =  10.4261  (Nt)~°‘366°  for  2024-T3XX  3.2.1A 

S  -  20.4257  (Nt)  '°-4516  for  7075-T6XX  3. 2. IB 

An  effort  to  establish  distinct  values  for  a  ,  p,  and  Y  to  characterize  the 
effect  of  interference  fit,  clamp-up  and  sealant  considered  seperately  was  not 
successful  because  of  insufficient  test  specimens.  However,  the  combined 
effects  of  the  three  parameters  were  experimentally  established  as  being: 

apy=  0.8503  for  2024-T3XX  3.2.2A 

=  0.8126  for  7075-T6XX  3.2.2B 

The  crack  growth  lives  N  from  a  =  .050  inch  for  all  specimens  were  pre- 

g  o 

dieted  using  the  "DAMGR0"  computer  program.  The  life  required  to  initiate  a 
0.05  inch  crack  is  defined  as  (Np  -  Ng)  where  Np  is  the  total  life  (ini¬ 
tiation  and  growth).  The  damage  index  d^  for  the  initiation  of  a  0.05  inch 

quarter-circular  corner  crack  is  defined  as  d.  =  (N  -  N  )/N  .  The 

i  P  9  P 

calculated  value  of  d^  is  then  curve-fitted  into  the  following  equations. 

For  Group  A  there  was  no  interference  fit,  clamp-up,  or  sealant  between  the 
faying  surface. 

d .  -  1.0  -  0.629S  for  2024-T3  3.3.3 

1 i  max 

d.  =  0.873  -  0.795S_  for  7075-T651  3.3.4 

i  max 
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For  the  specimens  of  Groups  8,  C  and  0,  where  one  or  more  of  the  parameters 
existed,  the  damage  Index  was  obtained  In  the  same  manner  as  outlined  above. 
The  data  points  were  curve-fitted  Into  the  following  equations: 


d.  =  1.0  - 

0.540S 

max 

for 

2024-T3 

3.3.5 

d.  =  0.958 

-  0.619S 

max 

for 

7075-T651 

3.3.6 

It  should  be  reiterated  that  Equations  3.3.3,  3.3.4,  3.3.5  and  3.3.6  represent 
the  damage  index  for  the  initiation  of  a  0.05  inch  quarter-circular  corner 
crack  for  the  specimens  subjected  to  constant  amplitude  fatigue  loading.  For 
the  case  of  spectrum  loading,  the  damage  index  'd^'  to  initiate  an  0.05  inch 
quarter-circular  corner  crack  was  determined  using  the  weighted  average. 
Equations  3.3.3  through  3.3.6  and  the  A-10A  and  AHAVS  spectra  were  used  as 
input  data  for  determining  the  values  of  df  which  are  given  in  Table  3.2-1. 


TABLE  3.2-1.  DAMAGE  INDEX  *df" 


LOADING 

SPECTRUM 

MATERIAL 

GROUP  A 

GROUP  B.  C.  D 

A-10A 

2024-T3XX 

35.75 

0.8868 

0.9028 

A-10A 

2024-T3XX 

37.75 

0.873 

0.8917 

AMAVS 

7075-T6XX 

21 .48 

0.8056 

0.9050 

AMAVS 

7075-T6XX 

30.35 

0.7448 

0.8522 

AMAVS 

7075-T6XX 

37.75 

0.6750 

0.7944 

Const.  Amplit. 

2024-T3XX 

17.10 

0.8725 

0.8925 

Const.  Amplit. 

2024-T3XX 

28.0 

0.6581 

0.7065 
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3.3  FRACTURE  TOUGHNESS  TEST  PROGRAM 


The  purpose  of  the  fracture  toughness  test  program  was  to  establish  fracture 
toughness  allowables  for  the  material  form  used  during  the  structural  test 
program  defined  in  Task  IV.  The  test  included  evaluation  of  the  critical 
fracture  toughness  factor  'K  1  and  the  construction  of  the  resistance 

1  L 

curves  'R-Curves'. 


3.3.1  Data  Reduction 


The  critical  fracture  toughness  for  the  product  form  was  evaluated  using: 


'APP 


"IC 


max 

~Wt 

P 

max 

Wt 


/7a 


/7a. 


o  Sec 


n  a 


/7a. 


f  Sec 


(3.3.7) 


(3.3.8) 


Where  aQ  and  af  are  the  initial  crack  and  the  final  crack  size  respec¬ 
tively,  and  P  is  the  failure  load.  The  average  values  of  the  fracture 
m3  x 

toughness  allowables  are  listed  in  Table  4-1. 


The  procedure  used  in  determining  the  R-Curves  is  defined  in  ASTM  standard 
E561 .  The  standard  provides  the  means  for  defining  the  material  toughness 
'Kp‘  in  term  of  effective  crack  length  at  the  time  of  slow  crack  extension. 

The  R-Curves  give  a  measure  of  the  material  resistance  to  cracking.  The  com¬ 
pliance  method  was  chosen  in  constructing  the  R-Curves.  Figures  3.3-1  through 
3.3-10  present  the  R-Curves  for  2024-T3XX  and  7075-T6XX  generated  during  the 
Basic  Test  Program. 
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TABLE  3.3-1.  AVERAGE  FRACTURE  TOUGHNESS  PROPERTIES 


MATERIAL 

FORM 

THICKNESS 

(IN) 

WIDTH 

(IN) 

Kapp , — 
(Ksi  J\ n) 

KIC 

(Ksi  7T n) 

2024-T3  Sheet 

0.193 

12.0 

83.00 

116.00 

2025-T3  Sheet 

0.088 

18.0 

98.95 

155.90 

2024-T351  Plate 

0.253 

8.0 

75.92 

100.00 

2024-T351 1  Ext.  (TEE) 

0.188 

2.75 

43.88 

58.00 

2024-T351 1  Ext.  (ANGLE) 

0.238 

2.25 

43.85 

62.40 

7075-T651  Plate 

0.324 

3.0 

47.37 

61  .34 

7075-T651  Plate 

0.406 

3.0 

41 .07 

53.45 

7075-T6  Sheet 

0.157 

12.0 

82.25 

97.62 

7075-T651 1  Ext.  (TEE) 

0.300 

2.75 

55.68 

77.56 

7075-T651 1  Ext.  (ANGLE) 

0.310 

2.75 

51.72 

67.33 
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3.4  CONSTANT  AMPLITUDE  CRACK  GROWTH  RATE  TEST  PROGRAM 


The  purpose  of  the  constant  amplitude  crack  growth  rate  test  program  was  to 
establish  crack  growth  allowables  for  the  material  form  used  during  the  struc¬ 
tural  test  program.  The  test  data  were  fit  into  the  "Modified  Walker  Equation" 
in  term  of  da/dN  vs  K 

max 

The  raw  test  data  for  each  specimen  was  reduced  to  da/dN  vs.  K  using  a 

fTtcl  X 

seven  point  polynomial  scheme.  The  crack  growth  rate,  'da/dN  vs.  was 

plotted  on  log-log  scale  for  each  product  form,  which  included  either  positive 
of  negative  stress  ratios.  The  data  was  then  fitted  into  the  Modified  Walker 
Equation: 

&  ( o-r>"  swx)“  (3.4.D 

where  K  and  R  are  the  maximum  stress  intensity  and  the  stress  ratio, 
max 

respectively.  The  constant  c,  m  and  n,  were  evaluated  from  the  test  data  in 
the  following  manner: 

1)  The  da/dN  vs.  (1-R)m  K  „  plots  were  constructed  for  various  values 

max 

of  m. 

2)  The  value  of  m  which  produced  the  narrowest  band  of  data  points  was 
chosen  for  equation  (1)  evaluation. 

3)  After  the  selection  of  'm',  the  constant  ' c '  and  • N '  were  evaluated 
using  a  least  source  curve  fitting  procedure. 

The  constants  c,  m  and  n  determined  In  this  manner  are  given  in  Table  3.4-1 
for  eight  product  forms.  From  Table  3.4-1  it  can  be  seen  that  for  positive 
stress  ratios,  the  value  of  'm'  for  2024-T3XX  varies  between  0.60  and  0.70, 
while  for  7075-T6XX  it  varies  between  0.50  and  0.55.  At  negative  stress 
ratios,  the  value  of  m  is  equal  to  0.00  for  all  but  two  product  forms.  The 
2024  extruded  tee  and  angle  product  forms  both  have  a  value  of  m  equal  to 


17 


1.00.  Furthermore,  the  slope  of  the  log-log  plot  for  the  Walker  equation, 
which  is  denoted  by  coefficient  n  and  which  is  defined  as  the  change  in  the 
crack  growth  rate  divided  by  the  change  in  (1-R)m  is  larger  for  all 

product  forms  of  2024  under  positive  stress  ratios  than  for  the  corresponding 
product  forms  under  negative  stress  ratios.  This  observation  implies  that  the 
crack  growth  rate  for  2024-T3XX  is  more  sensitive  to  changes  in  the  stress 
intensity  factor  under  positive  stress  ratios  than  under  negative  stress 
ratios.  However,  from  the  test  results  a  similar  conclusion  for  7075-T6XX 
cannot  be  made. 

For  the  majority  of  the  test,  an  excellent  fit  was  obtained  when  the  Modified 

Walker's  Equation  was  used.  An  exception  was  the  test  results  from  specimens 

No.  2  made  of  2024-T3511  tee  tested  at  R>0,  and  No.  3  made  of  7075-T6511 

tested  at  R>0.  The  test  results  of  these  two  (2)  specimens  were  not  included 

in  the  curve  fitting  because  of  large  deviations.  The  Walker's  constant  C  for 

7075-T651  plate  (Figure  3.4-6)  was  re-evaluated  subsequent  to  the  crack  growth 

predictions  because  of  large  discrepancies  in  the  predicted  life.  The  updated 

_8 

value  of  c  is  1.70  x  10  .  The  updated  constant  reduced  the  deviations 
somewhat,  however,  this  was  not  sufficient  to  yield  accurate  predictions.  A 
list  of  the  Walker's  constants  is  provided  in  Table  3.4-1. 


18 


TABLE  3.4-1.  MODIFIED  WALKER'S  EQUATION 
COEFFICIENTS 


PRODUCT 

FORM 

STRESS 

RATIO 

c 

m 

n 

2024-T3  Sheet 

positive 

2 . 2374E-09 

0.70 

3.3386 

2024-T3  Sheet 

negative 

6.2126E-09 

0.00 

2.9783 

2024-T351  Plate 

positive 

7.7269E-09 

0.65 

2.8180 

2024-T351  Plate 

negative 

4. 5865E-8 

0.00 

2.2338 

2024-T351 1  Angle 

positive 

7.6198E-11 

0.60 

4.5667 

2024-T351 1  Angle 

negative 

4.3322E-1 1 

1.00 

4.0093 

2024-T351 1  Tee 

positive 

1 .5998E-10 

0.65 

4.5545 

2024-T351 1  Tee 

negative 

2.3033E-09 

1.00 

3.1154 

7075-T6  Sheet 

positive 

1 .3579E-07 

0.50 

1  .9752 

7075-T6  Sheet 

negative 

1.0654E-07 

0.00 

2.0950 

7075-T651  Plate 

positive 

1 .0454E-08 

0.50 

2.8033 

7075-T651  Plate  (1) 

positive 

1.7000E-08 

0.50 

2.8033 

7075-T651  Plate 

negative 

2.6409E-08 

0.00 

2.4962 

7075-T651 1  Angle 

positive 

1 .9047E-08 

0.50 

2.6640 

7075-T651 1  Angle 

negative 

3 .1 758E-08 

0.00 

2.5814 

7075-T651 1  Tee 

positive 

9.7285E-08 

0.55 

2.0369 

7075-T651 1  Tee 

negative 

5.8669E-08 

0.00 

2.4602 

(1)  Updated  fit  test  data 
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2(24-13  SHEET 

GT160KAB49-01,  0.19" THICK,  R>0 

WALKER  CNSTS:  c  *  2.2374E-09,  m  *  0.7,  n*  3.3386 


1E+00  2  3  4  1E+01  2  3  4  1E+02 

K-MAX*(1-R)**m  (KIS'SQRT  (IN)) 


Figure  3.4-1.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T3  Sheet  R^>0 


da/dN  (In. /cycle) 


2024  -1351  PLATE 

GT160KAB49-03,  0.25"  THICK,  R£0 

WALKER  CNSTS:  c  -  7.7269E-09,  m  -  .65,  n  -  2.8180 


1E+00  2  3  4  1E+01  2  3  4  1E+02 

K-MAX*(1-R)"m  CKSI*SQRT  <IN)) 


Figure  3.4-2.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T351  Plate  R>0 


21 


da/dN  (in. /cycle) 


2CE4-T3511  TEE 

GT160KAB49-Q5,  0.19" THICK,  R>0 

WALKER  CNSTS:  c  -7.6198E-11,  m-  0.6,  n  -4.5667 


1E+00  2  3  4  1E+01  2  3  4  1E+Q2 

K-MAX*U-R)**m  (KSI*SQRT  (IN)) 


Figure  3.4-3.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T351 1  Tee  R>0 


da/dN  (In. /cycle) 


2024-T3511  ANGLE 

GT160KAB49-07,  0.25"  THICK,  R^O 

WALKER  CNSTS:  c  -  7.6198E-11,  m-  0.6,  n  -4.5667 


— 

WALKER  EON 

# 

SN/1 

A 

SN/2 

O 

SN/3 

O 

SN/4 

1E+00  2  3  4  1E+01  2  3  4  1E+02 

K-MAX*U-R)**m  (KSI’SQRT  (IN)) 


Figure  3.4-4.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T3511  Angle  R>0 


da/dN  (in. /cycle) 


7075-16  SHE! 

CT160KAB49-11,  0.16"  THICK,  R>0 

WALKER  CNSTS:  c  ■  1.3579E-07,  m*0.5,  n-1.9752 


1E+00  2  3  4  IE +01  2  3  4  1E+Q2 

K-MAX*(1-R)**m  (KSI’SQRT  (IN)) 


Figure  3.4-5.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T6  Sheet  R>0 
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da/dN  (in. /cycle) 


7075-T651  PLATE 

GT160D AB49-13,  0.31"  THICK,  R*>0 

WALKER  CNSTS:  c  *  1.054E-08,  m  *  0.5,  n  *  2.8033 


1E+00  2  3  4  IE +01  2  3  4  1E+Q2 


Figure  3.4-6.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T651  Plate  R^O 


da/dN  (in. /cycle) 


7075-T6511  TE 

GT160KAB49-15,  0.30"  THICK,  RiO 

WALKER  CNSTS:  c  -  9.7285E-08,  m  *  .53,  n  -  2.0369 


Figure  3.4-7.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T6511  Tee  R^O 
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da/dN  (in. /cycle) 


7075-T6511  ANGLE 

GT160KAB49-17,  0.31"  THICK,  R^O 

WALKER  CNSTS:  c  -  1.9047E-08,  m  «  0.5.  n  -  2.6640 


Figure  3.4-8.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T6511  Angle  R^;0 
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da/dN  (in. /cycle) 


2024 -B  SHEET 

GT 160KAB49 -2 1 ,  0.19"  THICK,  R<0 

WALKER  CNSTS:  c  =  6.2126E-09,  m  *  0.0,  n  -  2.9783 


Figure  3.4-9.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T3  Sheet  R<0 


da/dN  (in. /cycle) 


2Q24-T351  PLATE 

GT 160KAB49 -23  ,  0.25"  THICK,  R<0 

WALKER  CNSTS:  c  -  4.5865E-08,  m  *  0.0,  n  *  2.2338 


lE+OO  2  3  4  1E+01  2  3  4  1E-* 02 

K-MAX*(1-R)**m  (KSCSQRT  (IN)) 


Figure  3.4-10.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T351  Plate  R<0 


da/dN  (in. /cycle) 


Figure  3.4 


2024-T3511  TEE 

GT160KAB49-25,  0.19"  THICK,  R<0 

WALKER  CNSTS:  c  *  2.3033E-09,  m  *  1.0,  n  -  3.1154 


3 

2 

IE -04 

7 

3 
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2 

IE -05 
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3 
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IE -06 
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y 
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;  / 

jam 

H 

_ 1 _ l_J _ 

i  i  j _ 

-  WALKER  EQN 

•  SN/1 
^  SN/2 
d  SIM/3 
o  SN/4 


1E+00  2  3  4 

K-MAX*(l-4)**m 


1E+01  2  3  4  1E+02 

(KSI’SQRT  (IN)) 


•11.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T3511  Tee  R<0 


0 
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da/dN  (in. /cycle) 


2024  -T3511  ANGLE 

GT160KAB49-27,  0.25" THICK,  R<0 

WALKER  CNSTS:  c  -  4.3322E-11.  m  *  1.0,  n  *  4.0093 


i 


1E+00  2  3  4  1E+01  2  3  4  1E+02 

K-MAX*(1-R)"m  (KSI-SQRT  (IN)) 


-  WALKER  EON 

•  SN/1 

*  SN/2 
□  SN/3 
o  SN/4 


Figure  3.4-12.  Constant  Amplitude  Crack  Growth  Rate  for  2024-T3511  Angle  R<0 


da/dN  (in. /cycle) 


7075-T6  SHEET 

GT160KAB49-31,  0.16"  THICK,  R<0 

WALKER  CNSTS:  c  *  1.0654E-07.  m  *  0.0,  n  *  2.0950 


K*MAX*(1-R)**m  (KSI*SQRT(IN» 


Figure  3.4-13.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T6  Angle  R<0 


da/dN  (in. /cycle) 


7075-T651  PLATE 

GT160KAB49-33,  0.31" THICK,  R<0 

WALKER  CNSTS:  c  -  2.6409E-08,  m  -  0.0,  n  -  2.4962 


K-MAX*<1-R)"m  (KSI’SQRT  (IN)) 


Figure  3.4-14.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T651  Plate  R<0 


da/dH  (in. /cycle) 


7075  -T6511  TEE 

GT160KAB49 -35,  0.30"  THICK,  R<0 

WALKER  CNSTS:  c  -  5.8669E-08,  m  -  0.0,  n  «  2.4602 


Figure  3.4-15.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T6511  Tee  R<0 
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da/dN  (in. /cycle) 


7075-T6511  ANGLE 

GT160KAB49-37  ,  0.31" THICK,  R<0 

WALKER  CNSTS:  c  *  3.1758E-08,  m  =  0.0,  n  *  2.5814 


Figure  3.4-16.  Constant  Amplitude  Crack  Growth  Rate  for  7075-T6511  Angle  R<0 
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4.0  STRUCTURAL  TEST  PROGRAM 


The  purpose  of  the  structural  test  program  was  to  assess  the  analytical  capa¬ 
bilities  for  predicting  crack  growth  lives  using  two  methods,  namely,  the 
standard  crack  growth  method,  'Method  1‘  and  the  combined  method,  'Method  2'. 
It  also  provides  a  guideline  for  selecting  critical  crack  locations  on  struc¬ 
tural  element  typical  to  airframe  construction.  The  results  of  the  tests  and 
analyses  are  used  to  provide  an  assessment  of  the  current  damage  tolerance 
criterion  defined  in  MIL-A-83444. 


The  structural  test  program  included  the  testing  of  thirty-six  (36)  lap-joint 
specimens  and  thirty-six  (36)  stringer-reinforced  specimens  as  listed  in  Table 
4-1.  The  specimens  were  subjected  to  flight-by-flight  randomized  loading 
spectra  derived  from  fighter/trainer  (A-10A)  and  bomber/cargo  (AMAVS)  type 
aircrafts,  and  to  a  constant  amplitude  loading  spectrum  (C.A.).  Listings  of 
the  loading  spectra  are  provided  in  Volume  IV  of  the  report.  All  specimens 
contained  an  initially  induced  fatigue  crack  of  aQ  =  0.050  inch.  In  order 
to  simulate  this  fatigue  crack,  flaws  were  initially  introduced  by  means  of  a 
sawcut,  followed  by  a  constant  amplitude  cycling  until  the  desired  flaw  size 
was  achieved. 


TABLE  4-1.  STRUCTURAL  TEST  PROGRAM 


Applied 

Specimen  No.  of  Spectrum 

Configuration _ Specimen _ Material _ Loading 


Lap-Joint  Single-Shear 
Lap  Joint  Single-Shear 
Lap-Joint  Single-Shear 
Lap-Joint  Double-Shear 
Lap-Joint  Double-Shear 
Lap-Joint  Double-Shear 

Skin/Stringer  'TEE'  Center 
Skin/Stringer  'TEE'  Center 
Skin/Stringer  'TEE'  Center 
Skin/Stringer  ’ L '  Edge 
Skin/Stringer  ' L '  Edge 
Skin/Stringer  ' L '  Edge 
Skin/Stringer  ' L '  Edge 
Skin/Stringer  Split  Skin  'TEE 


6 

2024-T3XX 

C.A. 

6 

2024-T3XX 

A-10A 

6 

7075-T6XX 

AMAVS 

6 

2024-T3XX 

C.A. 

6 

2024-T3XX 

A-10A 

6 

7075 -T6XX 

AMAVS 

4 

2024-T3XX 

C.A. 

4 

2024-T3XX 

A-10A 

4 

2024-T3XX 

C.A. 

4 

2024-T3XX 

A-10A 

4 

2024-T3XX 

C.A. 

4 

2024  -T3XX 

A-10A 

4 

7075-T6XX 

AMAVS 

4 

7075-T6XX 

AMAVS 

36 


The  analytical  predictions  were  performed  using  the  'DAMGRO'  computer  program 
(Ref.  Section  2.0).  The  loading  spectra  for  the  analyses  were  simplified  to  a 
block  loadings.  Listings  of  the  analytical  loading  spectra  are  provided  in 
Appendix  A. 

4.1  LAP-JOINT  SPECIMEN  STRUCTURAL  TEST  PROGRAM 

The  lap-joint  specimen  structural  test  program  included  three  (3)  groups  of 
specimens  as  listed  below: 

a.  Base  line  specimen  configuration  was  without  fastener  interference  fit, 
clamp-up,  and  sealant. 

b.  Specimens  containing  fastener  clamp-up  and  hole  interference  fit. 

c.  Specimens  containing  clamp-up,  interference  fit,  and  sealant. 

Total  of  thirty-six  (36)  specimens  were  tested  covering  two  (2)  types  of 
specimen  splice  joint  configurations;  the  single-shear  lap-joint  and  the 
double-shear  lap-joint  specimens.  The  specimens  were  subjected  to  randomized 
flight-by-flight  spectra  and  constant  amplitude  loading.  The  specimens  con 
tanned  an  initial  flaw  of  0.050  inch  common  to  the  splice  plates  and  the  skin. 

4.1.1  Single-Shear  Lap-Joint  Specimens  Test  Program 

A  total  of  eighteen  (18)  single-shear  lap-joint  specimens  were  tested.  The 
specimen  configuration  consisted  of  split  skin  parts  spliced  at  mid  section 
through  two  rows  of  Hi-Loks.  The  splice  was  made  from  a  plate  and  extruded 
tee  sections.  A  typical  specimen  photo  is  shown  in  Figure  4. 1.1-1.  All 
specimens  contained  an  initial  flaw  located  at  the  mid  hole  of  the  1st  row  of 
attachments  common  to  the  splice  plate  and  the  skin.  The  flaw  size  was  0.050 
inch  corner  crack,  located  close  to  the  faying  surface.  The  flaw  was  intro 
duced  by  mean  of  a  saw-cut  followed  by  application  of  constant  amplitude  load 
Ing.  The  introduction  of  the  flaw  was  made  prior  to  the  specimen  assembly  and 
drilling  of  the  remaining  holes.  It  should  be  noted  that  the  initial  flaw 
always  existed  at  a  fastener  hole  with  clearance  fit. 
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The  specimens  were  subjected  to  constant  amplitude  loading  with  a  maximum 
stress  level  of  17.0  Ksi  at  R=0.10,  and  to  A-10A  and  AMAVS  loading  spectra 
with  maximum  stress  level  of  37.75  Ksi.  The  test  program  coverage  is  provided 
in  Table  4. 1.1-1. 

In  performing  the  analytical  prediction,  various  parameters  were  used,  such  as 
load  transfer  fraction  through  the  cracked  hole  and  the  adjacent  holes.  Also, 
the  friction  stress  through  the  faying  surface  and  the  hole  stress  concentra¬ 
tion  due  to  pin  deflection  were  used.  All  these  parameters  were  evaluated 
during  Phase  1  of  the  program  and  presented  in  Volume  II  of  the  report.  For 
single-shear  lap-joint  specimens  the  load  transfer  used  is  given  by: 

P  =  0.08699  -  0.00150  (a/R)  0  ^  a/R  ^  6  (4.1.1) 

P  =  0.07745  +  0.00072  (a/R)  8  ^  a/R  ^  14  (4.1.2) 

The  load  transfer  at  the  adjacent  holes  to  the  cracked  hole,  is  given  by: 

P  =  0.08805  +  0.00015  (a/R)  0  ^  a/R  ^  6  (4.1.3) 

P  =  0.07821  -0.00501  (a/R)  8  ^  a/R  ^  14  (4.1.4) 

The  faying  surface  frictional  forces  were  determined  using  the  equations  pre¬ 
viously  derived  and  are  listed  in  Volume  II  of  the  report.  The  values  used 
were  3.8  Ksi  and  3.1  Ksi  for  the  2024-T3XX  and  7075-T6XX  specimens, 
respectively. 

The  frictional  forces  induced  by  clamp-up  was  also  determined  during  Phase  1 
and  are  listed  in  Volume  II  of  the  report.  They  were  determined  to  be  5.0  Ksi 
u: J  4.2  Ksi  for  the  2024-T3XX  and  7075-T6XX  specimens,  respectively.  Both  the 
faying  surface  frictional  forces  and  the  clamp-up  frictional  forces  were  used 
in  Method  2  only. 


38 


4. 1.1.1  Analytical  Prediction  vs.  Test  Results  of  Single-Shear  Lap-Joint 
Specimens. 

The  life  predictions  of  the  single-shear  lap-joint  specimens  were  accomplished 
using  the  computer  program  ‘DAMGRO1.  The  predictions  which  were  performed 
using  "Method  1"  and  "Method  2"  were  correlated  against  the  experimental  data, 
as  shown  in  Figures  4. 1.1-2  through  4.1.1-19.  A  summary  of  predicted  life  vs. 
experimental  life,  and  the  corresponding  standard  deviation  is  shown  in  Tables 
4. 1.1-2  through  4. 1.1-4  for  specimens  subjected  to  constant  amplitude,  A-10A 
and  AMAVS  loading  spectra,  respectively. 

The  life  predictions  obtained  for  the  specimens  which  were  subjected  to  a 
constant  amplitude  loading  reflect  conservative  results  for  both  Method  1  and 
Method  2.  Since  Method  1  did  not  account  for  fastener  interference  fit, 
clamp-up  or  sealant,  the  predicted  lives  are  identical.  Method  2  accounts  for 
these  parameters  during  the  crack  initiation  phase.  The  test  results  indicate 
that  life  to  failure  was  highest  for  specimens  with  interference  fit  and 
clamp-up  but  without  presence  of  sealant.  The  same  trend  occurred  with  Method 
2  predictions.  However,  the  overall  standard  deviation  is  about  the  same  for 
Method  1  and  Method  2,  being  35%. 

The  life  predictions  for  specimens  subjected  to  A-10A  loading  spectra  is  sum¬ 
marized  in  Table  4. 1.1-3.  The  result  indicate  better  accuracy  for  Method  1 
than  Method  2.  Again  Group  B  of  the  test  seems  to  have  the  highest  number  of 
cycles  to  failure.  The  overall  standard  deviation  for  Method  1  is  32.7% 
against  42.6%  for  Method  2.  For  Group  A,  the  life  prediction  using  Method  2 
is  off  by  a  factor  of  3.  For  Group  A  specimens  the  lives  predicted  using 
Method  2  analysis  were  more  conservative  and  less  accurate  t,.an  Method  1  pre¬ 
dictions.  The  reason  being,  Method  2  predicts  early  crack  initiation  at  the 
diagonally  opposite  side  of  the  cracked  hole,  causing  two  (2)  cracks  at  the 
same  hole  to  propegate  simultaneously.  Method  1  assump+ion  of  secondary  flaw 
of  0.005  in.  at  adjacent  holes  is  not  as  severe  as  two  (2)  cracks  at  the  same 
hole.  This  phenomenon  is  not  the  same  when  using  some  of  the  benefits  due  to 
specimens  configuration  for  Groups  B  and  C. 
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The  life  predictions  for  specimens  subjected  to  AMAVS  loading  spectrum  is  sum¬ 
marized  in  Table  4. 1.1-4.  The  results  were  unconservative  both  for  Method  1 
and  Method  2.  The  test  results  were  consistent  with  specimens  subjected  to 
C . A.  or  A-10A  loading  spectra,  indicating  highest  life  for  Group  B.  In  this 
series  of  specimens.  Method  2  yielded  closer  correlation  to  *est,  but  was  on 
the  unconservative  side.  Although  the  constant  amplitude  da/dN  curve  for 
7075-T6XX  plate  was  corrected  (Ref.  Figure  3.4-6),  the  prediction  was  not 
accurate.  It  is  therefore,  concluded  that  the  retardation  model  (Modified 
Willenborg)  was  not  adequate  to  account  for  the  AMAVS  spectrum. 

The  C  group  test  results  indicate  that  the  presence  of  sealant  in  the  faying 
surface  tends  to  reduce  the  fatigue  life,  while  both  the  B  and  C  group  results 
indicate  that  interference  fit  tends  to  increase  the  fatigue  life. 


TABLE  4. 1.1-1.  SINGLE-SHEAR  LAP-JOINT  SPECIMENS  TEST  PROGRAM 


GROUP 

MATERIAL 

FORM 

SPECIMEN 

INTERFER 

CONFIGURATION 

CLAMP-UP  SEALANT 

SPECIMEN 

ID 

APPLIED 

SPECTRUM 

MAXIMUM 

STRESS 

(KSI) 

2024  -T3XX 

No 

No 

No 

LJ-  1, 

LJ-  2 

C.A. 

17.0 

A 

2024-T3XX 

No 

No 

No 

LJ-  3, 

LJ-  4 

A-10A 

37.75 

7075-T6XX 

No 

No 

No 

LJ-25, 

LJ-26 

AMAVS 

37.75 

2024-T3XX 

Yes 

Yes 

No 

LJ-  5, 

LJ-  6 

C.A. 

17.0 

B 

2024  -T3XX 

Yes 

Yes 

No 

LJ-  7, 

LJ-  8 

A-10A 

37.75 

7075  T6XX 

Yes 

Yes 

No 

LJ-27 , 

LJ-28 

AMAVS 

37.75 

2024 -T3XX 

Yes 

Yes 

Yes 

LJ-  9, 

LJ-10 

C.A. 

17.0 

C 

2024-T3XX 

Yes 

Yes 

Yes 

LJ-11, 

LJ  -12 

A-10A 

37.75 

7075-T6XX 

Yes 

Yes 

Yes 

LJ-29, 

LJ  -30 

AMAVS 

37.75 
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TABLE  4. 1.1-2.  ANALYTICAL  VS.  EXPERIMENTAL  CRACK  GROWTH  FOR  SINGLE¬ 
SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  CONSTANT  AMPLITUDE  LOADING  SPECTRUM 


GROUP 

(REF. 


MAXIMUM* 


ANALYTICAL  PREDICTIONS 

AVERAGE**  - 

TEST  METHOD  1  METHOD  2 

RESULTS  -  - 


TABLE 

4.1  .1-1) 

STRESS 

(KSI) 

TO  FAILURE 
(CYCLES) 

LIFE 

(CYCLES) 

%  DEV 

LIFE 

(CYCLES) 

%  DEV 

A 

17.0 

45,250 

40,730 

9.9 

30,555 

32.5 

B 

17.0 

96,700 

40,730 

46.2 

67,724 

30.0 

C 

17.0 

79,105 

40,730 

49.2 

41 ,289 

41  .8 

EXPERIMENTAL/ANALYTICAL  AVERAGE  DEV.  35.1  34.7 


*R=0.10 

**Average  of  two  specimens 


TABLE  4. 1.1 -3.  ANALYTICAL  VS.  EXPERIMENTAL  CRACK  GROWTH  FOR  SINGLE - 
SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  A-10A  LOADING  SPECTRUM 


AVERAGE* 

GROUP  TEST 

(REF.  MAXIMUM  RESULTS 


ANALYTICAL  PREDICTIONS 
METHOD  1  METHOD  2 


TABLE 

4.1  .1-1) 

STRESS 
( KSI ) 

TO  FAILURE 
(CYCLES) 

LIFE 

(CYCLES) 

%  DEV 

LIFE 

(CYCLES) 

%  DEV 

A 

37.75 

44,594 

24,408 

45.2 

15,087 

66.2 

B 

37.75 

59,798 

24,408 

-12.8 

53,138 

11.1 

C 

37.75 

41,365 

24,408 

40.1 

20,473 

50.5 

EXPERIMENTAL/ANALYTICAL  AVERAGE  DEV.  32.7  42.6 


*  Average  of  two  specimens 
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TABLE  4. 1.1-4.  ANALYTICAL  VS.  EXPERIMENTAL  CRACK  GROWTH  FOR  SINGLE¬ 
SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  AMAVS  LOADING  SPECTRUM 


ANALYTICAL  PREDICTIONS 


GROUP 

(REF. 

TABLE 

4.1  .1-1) 

MAXIMUM 

STRESS 

(KSI) 

AVERAGE* 

TEST 

RESULTS 

TO  FAILURE 
(CYCLES) 

METHOD 

LIFE 

(CYCLES) 

_1 

%  DEV 

METHOD 

LIFE 

(CYCLES) 

_2 

%  DEV 

A 

37.75 

5,387 

22,189 

-310.0 

9,132 

-  69.5 

B 

37.75 

11,105 

22,189 

-  99.8 

23,343 

-110.0 

C 

37.75 

9,980 

22,189 

-125.0 

9,944 

0.0 

EXPERIMENTAL/ANALYTICAL  AVERAGE  DEV.  -178.3  -  59.8 


*  Average  of  two  specimens 
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SPECIMEN  =  L J  — 1  (Ref.  Table  4. 1.1-1) 
MATERIAL  =  2024-T3XX 
LOADING  -  C . A. 

TEST  LIFE  =  44,200  CYCLES 

METHOD  1  PREDICTED  LIFE  =  40,730  CYCLES 

METHOD  2  PREDICTED  LIFE  =  30,555  CYCLES 


Figure  4. 1.1-2.  Crack  Growth  Diagram  for  Single -Shear  Lap-Joint  Specimen  LJ-1 
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SPECIMEN  =  LJ-2  (Ref.  Table  4. 1.1-1) 
MATERIAL  =  2024-T3XX 
LOADING  =  C . A. 

TEST  LIFE  =  46,300  CYCLES 

METHOD  1  PREDICTED  LIFE  -  40,730  CYCLES 

METHOD  2  PREDICTED  LIFE  =  30,555  CYCLES 
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Figure  4. 1.1-3.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  L3  2 
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SPECIMEN  =  LO-3  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  2024-T3XX 

LOADING  -  A-lOA 

TEST  LIFE  =  42,086  CYCLES 

METHOD  1  PREDICTED  LIFE  =  24,408  CYCLES 

METHOD  2  PREDICTED  LIFE  =  15,087  CYCLES 


Figure  4. 1.1-4.  Crack  Growth  Oiagram  for  Single-Shear  Lap-Joint  Specimen  LJ-3 
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SPECIMEN  =  LJ-4  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  2024-T3XX 

LOADING  =  A-lOA 

TEST  LIFE  =  47,102  CYCLES 

METHOD  1  PREDICTED  LIFE  =  24,408  CYCLES 

METHOD  2  PREDICTED  LIFE  =  15,087  CYCLES 


Flqure  4. 1.1-5.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-4 
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SPECIMEN  =  LJ-5  (Ref.  Table  4. 1.1-1) 
MATERIAL  =  2024-T3XX 
LOADING  =  C . A. 

TEST  LIFE  =  94,700  CYCLES 

METHOD  1  PREDICTED  LIFE  =  40,730  CYCLES 

METHOD  2  PREDICTED  LIFE  -•=  67,724  CYCLES 


Figure  4. 1.1-6.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-5 
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SPECIMEN  =  LJ-6  (Ref.  Table  4. 1.1-1) 
MATERIAL  =  2024 -T3XX 
LOADING  -  C.A. 

TEST  LIFE  =  98,700  CYCLES 

METHOD  1  PREDICTED  LIFE  =  40,730  CYCLES 

METHOD  2  PREDICTED  LIFE  =  67,724  CYCLES 


Figure  4. 1.1-7.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-6 
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SPECIMEN  =  LJ-7  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  2024-T3XX 

LOADING  =  A-10A 

TEST  LIFE  =  59,598  CYCLES 

METHOD  1  PREDICTED  LIFE  =  24,408  CYCLES 

METHOO  2  PREDICTED  LIFE  =  53,138  CYCLES 


Figure  4. 1.1-8.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-7 
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SPECIMEN  -  LJ-8  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  2024-T3XX 

LOADING  -  A-10A 

TEST  LIFE  =  59,638  CYCLES 

METHOD  1  PREDICTED  LIFE  =  24,408  CYCLES 

METHOD  2  PREDICTED  LIFE  =  53,138  CYCLES 


Figure  4. 1.1-9.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-8 
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SPECIMEN  -  LJ-9  (Ref.  Table  4. 1.1-1) 
MATERIAL  =  2024-T3XX 
LOADING  -  C . A. 

TEST  LIFE  =  69,910  CYCLES 

METHOD  1  PREDICTED  LIFE  =  40,730  CYCLES 

METHOD  2  PREDICTED  LIFE  =  41,289  CYCLES 
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Figure  4.1 .1-10. 
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SPECIMEN  *  LJ-10  (Ref.  Table  4. 1.1-1) 
MATERIAL  =  2024-T3XX 
LOADING  -  C . A. 

TEST  LIFE  =  88,300  CYCLES 

METHOD  1  PREDICTED  LIFE  =  40,730  CYCLES 

METHOD  2  PREDICTED  LIFE  =  41,289  CYCLES 


Figure  4.1.1-11.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-10 
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SPECIMEN  =  LJ-1 1  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  2024-T3XX 

LOADING  =  A-lOA 

TEST  LIFE  =  41,037  CYCLES 

METHOO  1  PREDICTED  LIFE  =  24,408  CYCLES 

METHOO  2  PREDICTED  LIFE  =  20,473  CYCLES 
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Figure  4.1.1-12.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-1 1 
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SPECIMEN  =  LJ-12  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  2024-T3XX 

LOADING  -  A-10A 

TEST  LIFE  =  41 ,693  CYCLES 

METHOD  1  PREDICTED  LIFE  =  24,408  CYCLES 

METHOD  2  PREDICTED  LIFE  =  20,473  CYCLES 


Figure  4.1.1-13.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-12 


55 


SPECIMEN  =  LJ-25  (Ref.  Table  4. 1.1-1) 

MATERIAL  7075-T6XX 

LOADING  -  AMAVS 

TEST  LIFE  =  3,559  CYCLES 

METHOD  1  PREDICTED  LIFE  =  22,189  CYCLES 

METHOD  2  PREDICTED  LIFE  -  9,132  CYCLES 


Figure  4.1.1-14.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint.  Specimen  LJ-25 
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SPECIMEN  =  LJ  -26  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  7075-T6XX 

LOADING  -  AMAVS 

TEST  LIFE  =  7,215  CYCLES 

METHOD  1  PREDICTED  LIFE  =  22,189  CYCLES 

METHOO  2  PREDICTED  LIFE  =  9,132  CYCLES 


Figure  4.1.1-15.  Crack  Growth  Diagram  for  Single -Shear  Lap-Joint  Specimen  LJ-26 
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SPECIMEN  -  LJ  -27  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  7075-T6XX 

LOADING  -  AMAVS 

TEST  LIFE  =  11 ,091  CYCLES 

METHOD  1  PREDICTED  LIFE  =  22,189  CYCI.ES 

METHOD  2  PREDICTED  LIFE  =  23,343  CYCLES 


Figure  4.1.1-16.  Crack  Growth  Oiagram  for  Single-Shear  Lap-Joint  Specimen  L J -27 
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SPECIMEN  -  LJ-28  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  7075-T6XX 

LOADING  =  AMAVS 

TEST  LIFE  =  11,119  CYCLES 

METHOD  1  PREDICTED  LIFE  =  22,189  CYCLES 

METHOD  2  PREDICTED  LIFE  =  23,343  CYCLES 
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Figure  4.1.1-17.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-28 
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SPECIMEN  =  LJ-29  (Ref.  Table  4. 1.1-1) 

MATERIAL  =  7075-T6XX 

LOADING  =  AMAVS 

TEST  LIFE  =  11,091  CYCLES 

METHOD  1  PREDICTED  LIFE  =  22,189  CYCLES 

METHOD  2  PREDICTED  LIFE  *  9,944  CYCLES 
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Figure  4.1.1-18.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-29 
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SPECIMEN  *  LJ-30  (Ref.  Table  4. 1.1-1) 

MATERIAL  -  7075-T6XX 

LOADING  -  AMAVS 

TEST  LIFE  =  8,870  CYCLES 

METHOD  1  PREDICTED  LIFE  =  22,189  CYCLES 

METHOD  2  PREDICTED  LIFE  -  9,944  CYCLES 


Figure  4.1.1-19.  Crack  Growth  Diagram  for  Single-Shear  Lap-Joint  Specimen  LJ-30 
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4.1.2  Double-Shear  Lap-Joint  Test  Program 


A  total  of  eighteen  (18)  double-shear  lap-joint  specimens  were  tested.  The 
specimen  configuration  consisted  of  a  split  skin  spliced  on  both  sides  with 
splice  plates  attached  using  two  rows  of  Hi-Loks.  A  photo  of  a  test  speci¬ 
men  is  shown  in  Figure  4. 1.2-1.  Due  to  symmetry,  this  type  of  specimen  is 
known  to  have  better  structural  strength  characteristics  than  the  single-shear 
configuration.  All  specimens  contained  an  initially  induced  fatigue  crack  of 
0.050  inch  located  in  the  middle  hole  of  the  first  row  of  fastners,  and  common 
to  the  skin  and  splice  plates.  The  specimens  were  made  of  2024-T3XX  or  7075- 
T6XX  aluminum  alloys.  A  list  of  the  test  program  is  provided  in  Table  4. 1.2-1. 


TABLE  4. 1.2-1.  DOUBLE-SHEAR  LAP-JOINT  SPECIMENS  TEST  PROGRAM 


GROUP 

MATERIAL 

FORM 

SPECIMEN 

INTER '  F 

1  CONFIGURATION 

CLAMP- 

UP  SEALANT 

SPECIMENS 

I.D. 

APPLIED 

SPECTRUM 

MAXIMUM 

STRESS 

LEVEL 

(Ksi) 

2024-T3XX 

No 

No 

No 

L J -13,  LJ-14 

C .  A. 

13.1/4.7 

A 

2024-T3XX 

No 

No 

No 

LJ-15,  LJ-16 

A-10A 

37.75 

7075-T6XX 

No 

No 

No 

LJ-31 ,  L J -32 

AMAVS 

37.75 

2024-T3XX 

Yes 

Yes 

No 

LJ-17,  LJ-18 

C.A. 

13.1/4.7 

B 

2024-T3XX 

Yes 

Yes 

No 

LJ-19 ,  LJ-20 

A-10A 

37.75 

7075-T6XX 

Yes 

Yes 

No 

LJ-33,  LJ -34 

AMAVS 

37.75 

2024-T3XX 

Yes 

Yes 

Yes 

L  J -21 

C.A. 

13.1/4.7 

C 

2024-T3XX 

Yes 

Yes 

Yes 

LJ-22 ,  LJ-23 
LJ-24 

A-10A 

37.75 

7075-T6XX 

Yes 

Yes 

Yes 

LJ-35,  LJ-36 

AMAVS 

37.75 

The  specimens  were  subjected  to  a  constant  amplitude  loading  spectrum  and  to 
randomized  flight-by-flight  loading  spectra.  The  randomized  spectra  which 
contained  marker  band  cycles  are  described  in  Appendix  A  of  Volume  III. 


In  performing  the  crack  growth  and  crack  initiation  analytical  predictions, 
various  parameters  were  used  in  the  analytical  equations  to  reflect  the 
specimen  configurations.  Both  Method  1  and  Method  2  contained  correction  in 
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the  stress  intensity  function  to  include  %  of  load  transfer.  For  the  hole 
containing  the  initial  flaw,  the  load  transfer  is  given  by: 

P  =  0.08146  -  0.00282  (a/R)  0  <  a/R  <  6  (4.1.5) 

P  =  0.07523  -  0.00262  (a/R)  8  <  a/R  <  14  (4.1.6) 

The  amount  of  load  transfer  at  the  adjacent  holes  is  given  by: 

P  0.08104  4-  0.00026  a/R  0  <  a/R  <  6  (4.1.7) 

P  «  0.07548  -  0.00214  a/R  8  <  a/R  <14  (4.1.8) 

The  equations  were  derived  in  Phase  1  of  the  program  reflecting  the  double 
shear  specimen  configuration.  In  addition  to  the  load  transfer.  Method  2  used 
such  parameters  as  the  faying  surface  friction  and  the  attachments  clamp-up 
load.  The  stress  due  to  the  faying  surface  was  determined  to  be  7.7  Ksi  for 
the  2024-T3XX  specimens  and  6.2  Ksi  for  the  7075-T6XX  specimens.  The  stress 
due  to  clamp-up  of  hardware  was  determined  to  be  8.45  Ksi  for  all  the 
double-shear  specimens. 

4. 1.2.1  Test  Results  vs.  Analytical  Predictions  for  Double-Shear  Lap-Joint 
Specimens 

The  average  test  results  and  the  analytical  predictions  of  the  double-shear 
lap-joint  specimens  are  summarized  in  Tables  4. 1.2-2  through  4. 1.2-4  and  pre¬ 
sented  in  Figures  4. 1.2-2  through  4.1.2-19  for  specimens  subjected  to  constant 
amplitude,  A-10A  and  AMAVS  loading  spectra  respectively. 

4. 1.2. 1.1  Crack  Growth  Predictions  for  Double-Shear  Lap-Joint  Specimens  Sub¬ 
jected  to  Constant  Amplitude  Loading  Spectrum 

The  predicted  crack  growth  rates  for  the  specimens  subjected  to  a  constant  am¬ 
plitude  loading  were  correlated  against  the  test  results.  For  Group  'A'  speci 
mens,  which  were  tested  at  a  maximum  stress  of  13.1  Ksi  and  stress  ratio  of  R 
0.36,  the  predicted  lives  reflect  a  range  of  approximately  45%  deviation  by 
both  Method  1  and  Method  2.  For  Group  ' B 1 ,  no  failure  occurred  at  2  x  106 
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cycles  of  testing.  Method  1  predicted  121,100  cycles  to  failure,  and  Method  2 
predicted  1.23  x  106  cycles  to  failure.  Method  1  is  extremely  conservative 
mainly  due  to  the  assumption  of  a  secondary  flaw  presence.  Method  2,  however, 
needed  much  more  time  for  secondary  flaw  initiation.  Group  'C1  specimens  were 
tested  at  a  maximum  stress  of  17.1  Ksi  and  stress  ratio  of  R  -  0.10.  The  aver¬ 
age  life  to  failure  was  129,300  cycles.  The  predicted  'C'  specimen  lives, 
both  by  Method  1  and  Method  2  were  much  less  than  the  experimental,  and  had 
the  same  order  of  magnitude  difference  for  both  methods.  The  test  results  indi¬ 
cate  clearly  the  benefit  of  interference  fit  attachment.  However,  the  effect 
of  sealant  was  not  clear  due  to  the  variation  in  stress  level.  Except  for 
Group  B,  both  methods  gave  the  same  accuracy  for  crack  growth  prediction.  For 
this  group.  Method  2  proved  to  yield  a  much  closer  correlation  when  time  to 
initiation  is  long  due  to  low  stress  level.  A  summary  of  the  experimental  vs. 
analytical  results  are  provided  in  Table  4. 1.2-2. 


TABLE  4. 1.2-2.  ANALYTICAL  VS.  EXPERIMENTAL  CRACK  GROWTH  LIFE  FOR 
DOUBLE-SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  CONSTANT  AMPLITUDE 

LOADING  SPECTRUM 


GROUP 

(REF. 

TABLE 

4.1  .2-1) 

MAXIMUM 

STRESS 

(Ksi) 

AVERAGE 

TEST 

RESULTS 

ANALYTICAL 
METHOD  1 

LIFE 

(CYCLES)  %  DEV. 

PREDICTIONS 

METHOD 

LIFE 

(CYCLES) 

_2 

%  DEV. 

A 

13.1 

R  =  0.36 

214,050 

121 ,100 

43.4 

115,500 

46.0 

B 

13.1 

R  =  0.36 

2x1 06 

121 ,100 

N/A 

1  ,23xl06 

N/A 

C 

17.0 

R  =  0.10 

129,300 

20,840 

83.9 

25,514 

80.3 

EXPERIMENTAL/ANALYTICAL 

AVERAGE 

DEV. 

63.6 

63.1 

4. 1.2. 1.2  Crack  Growth  Predictions  for  Double-Shear  Lap-Joint  Specimens  Sub¬ 


jected  to  A-10A  Loading  Spectrum 

The  predicted  crack  growth  lives  for  the  specimens  subjected  to  the  A-10A  load¬ 
ing  spectrum  are  summarized  in  Table  4. 1.2-3.  For  Group  'A',  the  average  life 
to  failure  was  39,185  cycles  compared  to  175,485  cycles  and  107,038  cycles  for 
Groups  '8'  and  'C'  respectively.  The  test  results  indicate  the  benefit  of 


64 


interference  fit  fasteners  and  the  negative  effect  of  sealant  at  the  faying 
surface.  Distinction  in  crack  growth  lives  among  the  three  groups  cannot  be 
made  using  Method  1,  however,  it  can  be  beneficial  for  Method  2.  The  over-all 
deviations  were  56.8%  and  44.6%  for  Method  1  and  Method  2,  respectively, 
indicating  better  results  for  Method  2. 

TABLE  4. 1.2-3.  ANALYTICAL  VS.  EXPERIMENTAL  CRACK  GROWTH  LIFE  FOR 
DOUBLE-SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  A-10A  LOADING  SPECTRUM 


ANALYTICAL  PREDICTIONS 

GROUP  METHOD  1  METHOD  2 

(REF.  MAXIMUM  AVERAGE 

TABLE  STRESS  TEST  LIFE  LIFE 

4. 1.2-1)  (Ksi )  RESULTS  (CYCLES)  %  DEV.  (CYCLES)  %  DEV. 


A 

37.75 

39,185 

31 ,890 

18.6 

22,466 

42.7 

B 

37.75 

175,485 

31 ,890 

81  .8 

141,196 

19.5 

C 

37.75 

107,038 

31 ,890 

70.2 

30,208 

71  .7 

EXPERIMENTAL/ANALYTICAL  AVERAGE  DEV.  56.8  44.6 


4. 1.2. 1.3  Crack  Growth  Predictions  for  Double-Shear  Lap-Joint  Specimens  Sub¬ 
jected  to  AMAVS  Loading  Spectrum 

The  crack  growth  lives  for  the  specimens  subjected  to  AMAVS  loading  spectrum 
are  summarized  in  Table  4. 1.2-4.  The  test  results  indicate  the  same  trend  as 
in  the  case  of  the  constant  amplitude  and  the  A-10A  spectrum.  Namely,  better 
life  for  specimens  with  interference  fit  fasteners  and  without  faying  surface 
sealant.  Both  Method  1  and  Method  2  predicted  conservative  results,  with 
slightly  better  correlation  in  Method  2. 

TABLE  4. 1.2-4.  ANALYTICAL  VS.  EXPERIMENTAL  CRACK  GROWTH  LIFE  FOR 
DOUBLE-SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  AMAVS  LOADING  SPECTRUM 


ANALYTICAL  PREDICTIONS 


GROUP 

(REF. 

TABLE 

4.1 .2-1) 

MAXIMUM 

STRESS 

(Ksi) 

AVERAGE 

TEST 

RESULTS 

METHOD  1 

LIFE 

(CYCLES)  %  DEV. 

METHOD  2 

LIFE 

(CYCLES)  %  DEV. 

A 

37.75 

46,750 

30,660 

34.4 

20,007 

57.2 

B 

37.75 

148,917 

30,660 

79.4 

78,014 

47.6 

C 

37.75 

120,700 

30,660 

74.6 

33,834 

71 .9 

EXPERIMENTAL/ANALYTICAL  AVERAGE  DEV. 

■■■■■  - -  -  - * - gr-r..-r  ^  ■  .J— 

62.8 

58.9 
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Figure  4. 1.2-4.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-15 
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gure  4. 1.2-5.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-16 
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Spec.  LJ17  (Ref-  Table  4. 1.2-1) 
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Figure  4. 1.2-6.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-17 
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Figure  4. 1.2-7.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-18 
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Figure  4. 1.2-8.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-19 
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Spec.  LJ  20  (Ref.  Table  4. 1.2-1) 
Test  Data: 

O  Front  Doubler 
•  Rear  Doubler 
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-  Method  1 
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Figure  4. 1.2-9.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-20 
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Spec  LJ  21  (Ref.  Table  4. 1.2-1) 
Test  Data: 

O  Front  Doubler 


Figure  4.1.2-10.  Crack  Growth  Diagram  for  Double-S 

Specimen  LJ-21 
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Figure  4.1.2-12.  Crack  Growth  Diagram 

Specimen  IJ-; 


Spec.  LJ  23  (Ref-  Tab1«  4. 1.2-1) 
Test  Data: 

O  Front  Doubler 
•  Rear  Doubler 
Prediction: 

-  Method  1 

-  Method  2 


Fail  at 


Double-Shear  Lap-Joint 
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Spec.  LJ  24  (Ref-  Table  4. 1.2-1) 
Test  Data:  Prediciton: 


fail  at  O  Front  Doubler 


•  Rear  Doubler 


Fail  at 


-  Method  1 

-  Method  2 


F'jure  4.1.2-13.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-24 
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(Ref.  Table  4. 1.2-1)  Spec.  LJ  32 

Test  Data: 


O  Front  Doubler 


•  Rear  Doubler 


Figure  4.1.2-15.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-32 


Figure  4.1.2-16.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-33 


Spec.  LJ  34  (Ref-  Table  4. 1.2-1) 


Test  Data: 

O  Front  Doubler 
•  Rear  Doubler 


Figure  4.1.2-17.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-34 


Spec  LJ  36  (Ref-  Tab1e  4- 1.2-1) 


Crack  Length  Test  Data:  Prediction: 


Figure  4.1.2-19.  Crack  Growth  Diagram  for  Double-Shear  Lap-Joint 

Specimen  LJ-36 
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4.2  STRINGER-REINFORCED  SPECIMENS  TEST  PROGRAM 


The  purpose  of  the  stringer-reinforced  specimen  test  program  was  to  evaluate 
the  effectiveness  of  the  analytical  methods  in  predicting  crack  growth  and 
crack  initiation  of  structural  components  typical  of  that  used  in  airframe 
construction.  It  also  provides  a  guideline  in  selecting  critical  initial  flaw 
locations  for  damage  tolerance  analyses. 

A  total  of  thirty-six  (36)  specimens  were  tested.  They  included  four  (4) 
different  specimen  configurations  as  listed  below: 

a.  Center  T-stringer  with  continuous  skin, 

b.  Center  L-stringer  with  continuous  skin, 

c.  Edge  L  stringer  with  continuous  skin, 

d.  Center  T-stringer  with  split  skin. 

The  specimens  measured  48.0  inches  in  length  and  18.0  inches  in  width.  The 
thicknesses  varied  between  0.188  inch  to  0.312  inch.  The  specimens  were  made 
of  2024-T3XX  or  7075-T6XX  aluminum  alloys  which  is  representative  of  material 
used  in  the  lower  wing  covers  of  f ighter/trainer  and  bomber/cargo  type  air¬ 
craft,  respectively.  All  specimens  contained  an  initial  flaw  of  0.050  inch 
located  at  the  edge  of  a  hole  common  to  the  stringer  and  skin.  The  initial 
flaws  were  introduced  by  means  of  a  saw-cut  followed  by  application  of  con¬ 
stant  amplitude  loading.  The  introduction  of  the  initial  flaw  was  done  prior 
to  the  specimen  assembly  and  the  drilling  of  fastener  holes  other  than  the  one 
containing  the  saw-cut. 

Two  flaw  configurations  were  tested;  they  included  those  which  were  directed 
toward  the  upstanding  leg  of  the  stringer,  and  those  directed  away  from  the 
upstanding  leg  of  the  stringer.  The  stringers  were  mechanically  attached  to 
the  skin  by  means  of  counter-sunk  Hi-Loks  varing  in  diameter  between  0.188 
inch  to  0.312  inch. 

The  specimens  were  subjected  to  A-10A,  AMAVS  and  constant  amplitude  loading 
until  failure  was  achieved.  Table  4.2-1  provides  a  description  of  the  test 
program. 
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4.2.1  Test  Results  and  Analytical  Predictions 


The  test  results  of  thirty-six  (36)  stringer  reinforced  specimens  are  summar¬ 
ized  in  Tables  4.2-2  through  4.2-4  for  specimens  subjected  to  constant  ampli¬ 
tude,  A-10A  and  AMAVS  loading  spectra.  The  tables  present  the  average  test 
data  of  two  (2)  similar  test  configurations  and  the  corresponding  analytical 
predictions.  The  analytical  methods  included  predictions  using  Method  1  and 
Method  2.  The  predictions  were  made  for  the  skin  and  the  stringers  from  an 
initial  flaw  of  0.050  inch  for  each  component  independently.  In  actuality, 
redistribution  of  loads  may  occur  when  premature  failure  of  stringer  element 
occurs.  The  life  of  the  specimens  is  assumed  to  be  achieved  when  the  skin 
cracking  approaches  the  critical  crack  length.  Figures  4.2-1,  4.2-2  and  4.2-3 
present  photos  of  the  T-stringer  split  skin,  the  L-stringer  continuous  skin 
and  the  L-stringer  continuous  skin  installed  in  MTS  machine,  respectively. 

4.2.2  Experimental  vs.  Analytical  Predictions  of  Specimens  Subjected  to  Con¬ 
stant  Amplitude  Loading  Spectrum 

Crack  Growth  predictions  for  the  stringer-reinforced  specimens  subjected  to 
constant  amplitude  loading  were  close  to  the  experimental  results,  and  on  the 

conservative  side.  The  overall  standard  deviation  with  respect  to  the  exper¬ 

imental  results  were  20. 5%  and  25.13%  for  Method  1  and  Method  2,  respec¬ 
tively.  The  nature  of  the  loading  spectrum  did  not  require  the  use  of  inter¬ 
action  model,  therefore  the  deviation  in  predicted  life  was  small.  Method  1 
shows  better  accuracy  than  Method  2  by  a  small  amount.  A  summary  of  experi¬ 
mental  vs.  analytical  prediction  correlation  is  provided  in  Table  4.2-2. 

4.2.3  Experimental  vs.  Analytical  Predictions  of  Specimens  Subjected  to  A-10A 
Loading  Spectrum 

Crack  growth  predictions  of  stringer-reinforced  specimens  subjected  to  A-10A 
randomized  loading  spectrum  were  correlated  against  the  test  results.  A  sum¬ 
mary  of  the  correlation  is  provided  in  Table  4.2-3.  Both  Method  1  and  Method 

2  predictions  are  more  conservative  than  the  experimental  results,  however. 
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Method  1  predictions  are  more  accurate  than  Method  2.  The  standard  deviations 
for  the  entire  set  (12  specimens)  were  36.48%  and  45.25%  for  Method  1  and 
Method  2,  respectively.  In  all  cases,  Type  ' B ‘  specimens  survived  longer  than 
Type  'A1  specimens.  However,  the  analytical  predictions  do  not  confirm  a 
similar  difference. 

4.2.4  Experimental  vs.  Analtyical  Predictions  of  Specimens  Subjected  to 
AMAVS  Loading  Spectrum 

Crack  growth  predictions  for  stringer-reinforced  specimens  subjected  to  AMAVS 
randomized  loading  spectrum  were  correlated  against  the  test  results.  A  sum¬ 
mary  of  the  correlation  is  provided  in  Table  4.2-4.  In  most  cases  the  predic¬ 
tions  were  on  the  conservative  side,  except  specimen  -1 1 A  which  failed  at  a 
life  of  259,786  cycles  vs.  predicted  lives  of  281,125  cycles  and  309,229 
cycles  for  Method  1  and  Method  2,  respectively.  It  must  be  indicated  that 
very  conservative  analytical  predictions  were  performed  prior  to  testing. 

The  da/dN  was  subsequently  revised  to  reflect  more  realistic  fit  of  the  test 
data  (Figure  3.4-6).  For  specimens  -9A,  and  -9B  with  split  skin  configura¬ 
tion,  specimens  failed  statically  subsequent  to  crack  skin  failure  although 
the  crack  did  not  initiate  in  the  adjacent  skin. 
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TABLE  4.2-1.  TEST  MATRIX  FOR  STRINGER-REINFORCED  SPECIMENS 


SPECIMEN 

TYPE 

DASH 

No. 

SPECIMEN 

CONFIGURATION 

ID 

MATERIAL 

APPLIED 

SPECTRUM 

MAX. 

STRESS 

(ksi) 

MIN. 

STRESS 

(ksi) 

Center 

T -Stringer 

-1A 

39,40 

2024-T3XX 

A-10A 

35.75 

-8.34 

Continuous 

Skin 

-18 

43,44 

2024-T3XX 

A-10A 

35.75 

-8.34 

Center 

L-Stringer 

-3A 

47,48 

2024-T3XX 

A-10A 

35.75 

-8.34 

Continuous 

Skin 

-38 

50,52 

2024-T3XX 

A-10A 

28.0 

-6.54 

Edge 

L-Stringer 

-5A 

55,56 

2024-T3XX 

A-10A 

35.75 

-8.34 

Continuous 

Skin 

-58 

59,60 

2024-T3XX 

A-10A 

35.75 

-8.34 

Center 

T  Stringer 

-7A 

61,62 

7075-T6XX 

AMAVS 

30.5 

-6.64 

Continuous 

Skin 

-7B 

63,64 

7075-T6XX 

AMAVS 

30.5 

-6.64 

Center 

T-Stringer 

-9A 

65,66 

7075-T6XX 

AMAVS 

30.5 

-6.64 

Split 

Skin 

-9B 

67,68 

7075-T6XX 

AMAVS 

30.5 

-6.64 

Edge 

L -Stringer 

-11 A 

69,70 

7075-T6XX 

AMAVS 

21.50 

-4.72 

Continuous 

Skin 

-11 B 

71,72 

7075-T6XX 

AMAVS 

21.50 

-4.72 

Center 

T  Stringer 

-1A 

37,38 

2024 -T3XX 

C.A. 

17.0 

1  .70 

Continuous 

Skin 

-IB 

41,42 

2024-T3XX 

C.A. 

17.0 

1  .70 

Center 

L-Stringer 

-3A 

45,46 

2024-T3XX 

C.A. 

17.0 

1  .70 

Continuous 

Skin 

-38 

49,51 

2024-T3XX 

C.A. 

17.0 

1  .70 

Edge 

L  -Stringer 

-5A 

53,54 

2024-T3XX 

C.A. 

17.0 

1  .70 

Continuous 

Skin 

-58 

57,58 

2024  -T3XX 

C.A. 

17.0 

1.70 
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TABLE  4.2-2.  EXPERIMENTAL  VS.  PREDICTED  LIFE  FOR  STRINGER-REINFORCED 
SPECIMENS  SUBJECTED  TO  CONSTANT  AMPLITUDE  LOADING  SPECTRUM 


SPECIMEN 

TYPE 

DASH 

NO. 

MAXIMUM 

GROSS 

STRESS 

(ksi) 

EXPERI¬ 
MENTAL 
LIFE  TO 
FAILURE 
(CYCLES) 

ELEMENT 

ANALYTICAL 
METHOD  1 

LIFE 

(CYCLES)  XDEV 

PREDICTION 

METHOD  2 

LIFE 

(CYCLES)  XDEV 

Center 

-1A 

17.0 

65,820 

Skin 

56,198 

14.6 

59,629 

9.6 

T  -Stringer 

St'r 

26,659 

26,659 

Continuous 

-IB 

17.0 

65,142 

Skin 

57,894 

11.1 

48,632 

25.3 

Skin 

St'r 

21,754 

17,047 

Center 

-3A 

17.0 

76,025 

Skin 

64,021 

15.8 

60,881 

19.9 

L  -Stringer 

St'r 

38,434 

38,369 

Continuous 

-38 

17.0 

72,900 

Skin 

64,021 

12.2 

60,881 

16.5 

Skin 

St'r 

45,000 

45,000 

Edge 

-5A 

17.0 

67,136 

Skin 

59,579 

11.3 

51 ,158 

23.8 

L  -Stringer 

St'r 

25,578 

33,341 

Continuous 

-5B 

17.0 

87,647 

Skin 

36,812 

58.0 

38,806 

55.7 

Skin 

St'r 

39,933 

51,202 

EXPER IMEN1 AL/ANAIYT ICAL  AVERAGE  DEV. 

20.3 

25.13 

TABLE 

4.2-3. 

EXPERIMENTAL  VS. 

PREDICTED  LIFE  FOR 

STRINGER-REINFORCED 

SPECIMENS  SU8JECTE0  TO  A-10A  LOADING  SPECTRUM 

EXPERI - 

MAXIMUM 

MENTAL 

ANALYTICAL 

PREDICTION 

GROSS 

LIFE  TO 

METHOD 

1 

METHOD  2 

SPECIMEN 

DASH 

STRESS 

FAILURE 

LIFE 

LIFE 

TYPE 

NO. 

(icsi) 

(CYCLES) 

ELEMENT 

(CYCLES) 

XDEV 

(CYCLES) 

XDEV 

Center 

-1A 

35.75 

191 ,290 

Skin 

111,954 

41  .4 

103,871 

45.7 

T  Stringer 

St'r 

44,774 

52,093 

Continuous 

-IB 

35.75 

202,143 

Skin 

127,195 

37.1 

104,000 

48.6 

Skin 

St'r 

37,220 

37,220 

Center 

-3A 

35.75 

240,210 

Skin 

144,182 

40.0 

119,452 

50.3 

L-Stringer 

St'r 

119,341 

118,948 

Continuous 

-3B 

28.0 

574,875 

Skin 

341 ,174 

40.6 

297,818 

48.2 

Skin 

St'r 

496,942 

474,693 

Edge 

-5A 

35.75 

130,860 

Skin 

119,372 

8.8 

94,235 

28.0 

L-Stringer 

St'r 

82,292 

89,139 

Continuous 

-5B 

35.75 

151,970 

Skin 

74,447 

51 .0 

74,885 

50.7 

Skin 

St'r 

112,448 

141 ,660 

EXPERIMENTAL/ANALY1 ICAL 

AVERAGE  OEV. 

36.48 

45.25 
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TABLE  4.2-4.  EXPERIMENTAL  VS.  PREDICTED 
SPECIMENS  SUBJECTED  TO  AMAVS 


LIFE  FOR  STRINGER-REINFORCED 
LOADING  SPECTRUM 


EXPERI¬ 

MAXIMUM 

MENTAL 

ANALYTICAL 

PREDICTION 

GROSS 

LIFE  TO 

METHOD  1 

METHOD 

1 

SPECIMEN 

DASH 

STRESS 

FAILURE 

LIFE 

LIFE 

TYPE 

NO. 

(ksi) 

(CYCLES) 

ELEMENT  (CYCLES)  %DEV 

(CYCLES) 

XDEV 

Center 

T-Stringer 

-7A 

30.0 

146,742 

Skin 

St'r 

128,230 

117,621 

12.6 

86,214 

82,554 

41  .2 

Continuous 

Skin 

-7B 

30.0 

180,150 

Skin 

St'r 

107,752 

55,724 

40.2 

95,800 

60,910 

46.8 

Center 

T-Stringer 

-9A 

30.0 

180,269 

Skin 

St'r 

53,865 

117.621 

70.1 

61 ,476 
82,554 

65.9 

Split 

Skin 

-9B 

30.0 

164,362 

Skin 

St'r 

89,960 

55,724 

45.3 

75,061 

60,910 

54.3 

Edge 

L-Stringer 

-1 1 A 

20.0 

259,786 

Skin 

St'r 

281,125 

146,185 

-8.2 

309,229 

151,944 

-19.0 

Continuous 

Skin 

-11 B 

20.0 

535,153 

Skin 

St'r 

200,268 

187,2371 

62.6 

213,812 

188,220 

60.0 

EXPERIMENTAL/ANALYTICAL  AVERAGE 

OEV. 

39.83 

47.86 
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Figure  4.2-1.  Stringer  Reinforced  Specimen  Center  'TEE'  Split  Skin 
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Figure  4.2-2.  Stringer  Reinforced  Specimen  Edge  ' L '  Stringer 

Continuous  Skin 
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Figure  4.2 


3.  Stringer  Reinforced  Specimen  Installed  on  MTS  Machine 
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Figure  4.2-4.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  37  ( -1  A)  Subjected  to  C.A.  Loading  Spectra 
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A  SKIN  - METHOD  1 
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Figure  4.2-5.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  38  (-1A)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-6.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  39  (-1A)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4.2-7.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  40  (-1A)  Subjected  to  A-lOA  Loading  Spectra 
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CYCLES) 


Figure  4.2-8.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  41  (-18)  Subjected  to  C.A.  Loading  Spectra 


TEST  PREDICTION 


A  SKIN  - METHOD  1 

•  STRINGER  - METHOD  2 


Figure  4.2-9.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  42  (-1B)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-10. 

No. 


Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
43  (-1B)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4.2-11.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  44  (-16)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4.2-12.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  45  ( -3A)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-13.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  46  (-3A)  Subjected  to  C.A.  Loading  Spectra 


103 


Fracture  Surface  ( N/A) 


TEST  PREDICTION 


▲  SKIN  - METHOD  1 

•  STRINGER - METHOD  2 


Figure  4.2-14.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  47  (-3A)  Subjected  to  A-10A  Loading  Spectra 


(OUTER)  CRACK  LENGTH  UN)  (INNER) 


- T“ 

Fracture  Surface  (N/A) 


TEST  PR  DICTION 


A  SKIN  - METHOD  1 

•  STRINGER  - METHOD  2 


%  OF  UFE 


Figure  4.2-15.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  48  (-3A)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4.2-16.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  49  (-38)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-17.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  50  (-38)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4.2-18.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  51  (-38)  Subjected  to  C.A.  Loading  Spectra 


108 


(OUTER)  CRACK  LENGTH  (IN)  (INNER) 


Fracture  Surface  (N/A) 


Initial  Flaw 


TEST  PREDICTION 

▲  SKIN  - METHOD  1 

•  STRINGER  - METHOD  2 

3 


2 


1 


0 


1 


2 


3 

0  50  100  150  200  250  300  350  400 

%  OF  LIFE 


Figure  4.2-19.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  52  (-38)  Subjected  to  A-10A  Loading  Spectra 
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gure  4.2-20.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  53  ( -5A)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-21.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  54  (-5A)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-22.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  55  (-5A)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4.2-23. 
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Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
56  (-5A)  Subjected  to  A-10A  Loading  Spectra 


113 


(OUTER)  CRACK  LENGTH  (IN)  (INNER) 


Initial  Flaw 


Fracture  Surface 


op 


TEST 


PREDICTION 


A  SKIN  - METHOD  1 

•  STRINGER  - METHOD  2 


■ 

TOjHjg 

1 

■ 

4 

i  A 

A 

A  AA 

4 

m 

- - - 

1 

1 

■ 

■ 

! 

-METHO 
LIFE  - : 

D  2 

19,439  C' 

A 

fCLEs 

A 

1 

1 

A 

A 

1 

A 

4 

0  10,000  20,000  30,000  40,000  50,000  60,000  70,000  80,000  90,000 

CYCLE!  S) 


Figure  4.2-24.  Crack  Growth  Oiagram  for  Stringer-Reinforced  Specimen 
No.  57  (-58)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-25.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  58  (-58)  Subjected  to  C.A.  Loading  Spectra 
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Figure  4.2-26.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  59  (-58)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4. 2-27.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  60  (-5B)  Subjected  to  A-10A  Loading  Spectra 
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Figure  4.2-28.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  61  ( -7A)  Subjected  to  AHAVS  Loading  Spectra 
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Figure  4.2-29.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  62  (-7A)  Subjected  to  AMAVS  Loading  Spectra 
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Figure  4.2-30.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
Ho.  63  (-78)  Subjected  to  AMAVS  Loading  Spectra 
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Figure  4.2-31.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  64  (-78)  Subjected  to  AHAVS  Loading  Spectra 
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Figure  4.2-32.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  65  (-9A)  Subjected  to  AMAVS  Loading  Spectra 
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Figure  4.2-33.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  66  (-9 A)  Subjected  to  AMAVS  Loading  Spectra 
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Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
67  ( -9B)  Subjected  to  AMAVS  Loading  Spectra 
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Figure  4.2-35.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  68  (-98)  Subjected  to  AMAVS  Loading  Spectra 
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Figure  4.2-36.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  69  ( — 1 1  A)  Subjected  to  AMAVS  Loading  Spectra 
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Figure  4.2-37.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  70  ( -11  A)  Subjected  to  AHAVS  Loading  Spectra 
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Figure  4.2-38.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  71  (-118)  Subjected  to  AMAVS  Loading  Spectra 
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Figure  4.2-39.  Crack  Growth  Diagram  for  Stringer-Reinforced  Specimen 
No.  72  (-11B)  Subjected  to  AMAVS  Loading  Spectra 


APPENDIX  A 


Appendix  A  presents  the  loading  spectra  used  to  perform  the  crack  growth  pre¬ 
dictions  of  the  structural  test  specimens.  Identical  blocks  were  applied 
repeatedly  until  failure  occurred.  The  computer  program,  'DAMGRO',  is  con¬ 
structed  in  such  a  way  as  to  apply  each  cycle  within  the  load  condition  separ¬ 
ately.  In  this  way,  better  accuracy  is  achieved. 

A-l .  A-10A  ANALYTICAL  LOADING  SPECTRUM 

The  A-10A  Analytical  Spectrum  represents  4%  of  the  block  loading.  Each  block 
consists  of  204  stress  layers  in  terms  of  maximum  stress  followed  by  minimum 
stress  and  the  number  of  cycles  associated  with  it.  There  are  7,416  cycles  in 
each  block.  One  life  of  the  A-10A  consists  of  185,400  cycles  or  25  repeated 
blocks.  Table  A-l  provides  a  listing  of  the  A-10A  Analytical  Loading  Spec¬ 
trum.  Each  condition  is  presented  as  a  percentage  of  the  maximum  stress  level 
in  the  spectrum  (condition  No.  37).  For  maximum  stress  level  of  35.75  Ksi, 
for  example,  multiply  each  condition  by  0.3575. 

A-2.  AMAVS  ANALYTICAL  LOADING  SPECTRUM 

The  AMAVS  Analytical  Spectrum  represents  approximately  7.8%  of  one  life.  One 
life  of  the  AMAVS,  was  set  to  be  13,500  hours  or  12.8  block  loading.  Each 
block  consists  of  112  stress  layers  totaling  11,245  cycles.  Table  A-2  pro¬ 
vides  a  listing  of  the  AMAVS  Analytical  Loading  Spectrum.  Each  condition  is 
presented  as  a  percentage  of  the  maximum  stress  level  in  the  spectrum  (condi¬ 
tion  No.  17) . 


A-l 


TABLE  A-l .  A-10A  ANALYTICAL  LOADING  SPECTRUM 


(NORMALIZED  ABOUT  100  Ksl) 


STEP 

^max 

°in1n 

<*max 

**m1n 

(Ksl) 

(Ksl) 

CYCLES 

STEP 

(Ksl) 

(Ksl) 

CYCLES 

1 

94.01 

-65.79 

1  .00 

2 

100.00 

-65.01 

4.00 

3 

46.00 

-6.88 

1 .00 

4 

90.01 

-8.99 

1  .00 

5 

100.00 

-10.01 

1.00 

6 

66.00 

-3.29 

1  .00 

7 

78.00 

-3.90 

1.00 

8 

83.99 

-4.19 

1.00 

9 

94.01 

-4.68 

4.00 

10 

100.00 

-5.00 

2.00 

n 

80.00 

0.00 

4.00 

12 

82.00 

0.00 

1 .00 

13 

83.00 

0.00 

3.00 

14 

90.01 

0.00 

12.00 

15 

94.01 

0.00 

9.00 

16 

100.00 

0.00 

1 .50 

17 

46.00 

2.28 

2.50 

18 

48.00 

2.40 

2.00 

19 

50.00 

2.48 

5.00 

20 

51.99 

2.60 

3.00 

21 

54.02 

2.69 

1 .00 

22 

56.01 

2.80 

1.00 

23 

58.01 

2.89 

1.00 

24 

60.01 

3.00 

6.00 

25 

62.00 

3.09 

2.00 

26 

64.00 

3.21 

1  .00 

27 

66.00 

3.29 

11.00 

28 

72.02 

3.58 

6.00 

29 

74.01 

3.70 

6.00 

30 

76.01 

3.79 

2.00 

31 

80.00 

3.99 

4.00 

32 

82.00 

4.10 

3.00 

33 

83.99 

4.19 

2.00 

34 

88.02 

4.39 

1  .00 

35 

90.01 

4.51 

18.00 

36 

94.01 

4.68 

11.00 

37 

100.00 

5.00 

0.50 

38 

30.06 

3.00 

1  .00 

39 

37.99 

3.79 

2.00 

40 

40.01 

3.99 

1  .00 

41 

60.01 

5.99 

12.00 

42 

62.00 

6.19 

4.00 

43 

64.00 

6.39 

9.00 

44 

66.00 

6.59 

21  .00 

45 

67.99 

6.80 

4.00 

46 

70.02 

7.00 

1  .00 

47 

72.02 

6.20 

18.00 

48 

74.01 

7.40 

7.00 

49 

76.01 

7.61 

4.00 

50 

78.00 

7.81 

1  .00 

51 

80.00 

8.01 

24.50 

52 

82.00 

8.18 

6.00 

53 

83.99 

8.39 

32.00 

54 

88.02 

8.79 

2.00 

55 

90.01 

8.99 

3.00 

56 

94.01 

9.40 

1  .00 

57 

40.01 

5.00 

1  .00 

58 

46.00 

6.88 

10.00 

59 

48.00 

7.20 

4.00 

60 

50.00 

7.49 

7.00 

61 

54.02 

8.10 

4.00 

62 

56.01 

8.39 

14.00 

63 

58.01 

8.70 

5.00 

64 

60.01 

8.99 

3.00 

65 

62.00 

9.28 

4.00 

66 

64.00 

9.60 

4.00 

67 

66.00 

9.89 

18.00 

68 

67.99 

10.21 

1  .00 

69 

70.02 

10.50 

2.00 

70 

72.02 

10.79 

11.00 

71 

74.01 

11.11 

10.00 

72 

76.01 

11.40 

8.00 

73 

78.00 

11.60 

1.00 

74 

80.00 

12.00 

11.50 

75 

82.00 

12.29 

1 .00 

76 

83.99 

12.61 

7.00 

77 

94.01 

14.09 

1.00 

78 

16.00 

3.21 

5.00 

79 

19.99 

3.99 

1 .00 

80 

35.99 

7.20 

1  .00 

81 

37.99 

7.60 

2.00 

82 

40.01 

8.01 

4.00 

83 

42.01 

8.39 

2.00 

84 

50.00 

10.01 

12.00 

85 

51  .99 

10.38 

8.00 

86 

54.22 

10.79 

6.00 

87 

56.01 

11.19 

22.00 

88 

58.01 

11.60 

17.00 

89 

60.01 

12.00 

58.00 

90 

62.00 

12.41 

24.00 

91 

64.00 

12.78 

11 .00 

92 

66.00 

13.19 

38.00 

93 

67.99 

13.60 

6.00 

94 

70.02 

14.00 

5.00 

95 

72.02 

14.41 

28.00 

96 

80.00 

16.00 

28.00 

97 

82.00 

16.40 

4.00 

98 

83.99 

16.81 

9.00 

99 

90.01 

17.99 

10.00 

100 

94.01 

18.80 

1 .00 

101 

30.00 

7.49 

2.00 

102 

33.99 

8.50 

2.00 
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TA8LE  A-l.  A-10A  ANALYTICAL  LOADING  SPECTRUM  (Continued) 


(NORMALIZED  ABOUT  100  Ksi) 


tfmax 

^min 

°max 

^min 

STEP 

(Ksi) 

(Ksi) 

CYCLES 

STEP 

(Ksi) 

(Ksi) 

CYCLES 

103 

35.99 

8.99 

2.00 

104 

37.99 

9.49 

1.00 

105 

40.01 

10.01 

2.00 

106 

42.01 

10.50 

3.00 

107 

46.00 

11 .48 

8.50 

108 

48.00 

12.00 

27.00 

109 

50.00 

12.50 

134.00 

no 

51 .99 

12.99 

6.00 

111 

54.02 

13.51 

13.00 

112 

56.01 

14.00 

111.00 

113 

60.01 

14.98 

1.00 

114 

62.00 

15.50 

3.00 

115 

64.00 

16.00 

1 .00 

116 

66.00 

16.49 

89.00 

117 

67.99 

17.01 

20.00 

118 

70.02 

17.50 

3.00 

119 

62.02 

17.99 

61 .00 

120 

74.01 

18.49 

17.00 

121 

76.01 

19.01 

13.00 

122 

80.00 

19.99 

5.00 

123 

83.99 

21.00 

3.00 

124 

12.00 

3.58 

1 .00 

125 

14.00 

4.19 

2.00 

126 

33.99 

10.21 

1 .00 

127 

35.99 

10.79 

5.00 

128 

37.99 

11.40 

32.00 

129 

42.01 

12.61 

23.00 

130 

44.01 

13.19 

17.00 

131 

46.00 

13.80 

111. 00 

132 

48.00 

14.41 

4.00 

133 

50.00 

14.98 

1 .00 

134 

51 .99 

15.59 

6.00 

135 

54.02 

16.20 

1.00 

136 

56.01 

16.81 

209.00 

137 

58.01 

17.39 

43.00 

138 

60.01 

17.99 

134.00 

139 

62.00 

18.60 

13.00 

140 

64.00 

19.21 

32.00 

141 

67.99 

20.39 

5.00 

142 

32.00 

11.19 

7.00 

143 

33.99 

11.89 

49.00 

144 

35.99 

12.61 

6.00 

145 

37.99 

13.31 

10.00 

146 

40.01 

14.99 

258.00 

147 

42.01 

14.69 

3.00 

148 

46.00 

16.08 

14.00 

149 

48.00 

16.81 

8.00 

150 

50.00 

17.50 

402.00 

151 

51  .99 

18.20 

1.00 

152 

54.02 

18.89 

65.00 

153 

58.01 

20.31 

11.00 

154 

21.99 

8.79 

1  .00 

155 

30.00 

12.00 

94.00 

156 

33.99 

13.60 

19.00 

157 

35.99 

14.41 

434.00 

158 

37.99 

15.19 

19.00 

159 

40.01 

16.00 

1.00 

160 

42.01 

16.81 

19.00 

161 

44.01 

17.59 

2.00 

162 

46.00 

18.40 

494.00 

163 

48.00 

19.21 

92.00 

164 

51 .99 

20.80 

4.00 

165 

54.02 

21  .61 

19.00 

166 

17.99 

8.10 

2.00 

167 

19.99 

8.99 

19.00 

168 

26.01 

11.69 

238.00 

169 

30.00 

13.51 

534.00 

170 

33.99 

15.30 

1  .00 

171 

35.99 

16.20 

54.00 

172 

37.99 

17.10 

5.00 

173 

40.01 

17.99 

716.00 

174 

42.01 

18.89 

130.00 

175 

46.00 

20.68 

11 .00 

176 

48.00 

21  .61 

36.00 

177 

21.99 

10.99 

8.00 

178 

32.00 

16.00 

5.00 

179 

33.99 

17.01 

31 .00 

180 

35.99 

17.99 

363.00 

181 

37.99 

19.01 

93.00 

182 

42.01 

21.00 

63.00 

183 

21 .99 

12.09 

3.00 

184 

30.00 

16.49 

37.00 

185 

33.99 

18.69 

278.00 

186 

35.99 

19.79 

128.00 

187 

37.00 

20.89 

38.00 

188 

19.99 

12.00 

3.00 

189 

32.00 

19.21 

1.00 

190 

19.99 

12.99 

7.00 

191 

21.99 

14.29 

67.00 

192 

17.99 

12.61 

12.00 

193 

19.99 

14.00 

212.50 

194 

16.00 

12.00 

2.00 

195 

21.99 

16.49 

1.00 

196 

14.00 

11.89 

1.00 

197 

16.00 

13.60 

1.00 

198 

19.99 

17.01 

17.00 

199 

21 .99 

18.69 

293.00 

200 

19.99 

17.99 

7.00 

201 

14.00 

13.31 

22.00 

202 

17.99 

17.10 

4.00 

203 

19.99 

19.01 

52.00 

204 

21.99 

20.89 

2.00 
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TABLE  A-2.  AMAVS  ANALYTICAL  LOADING  SPECTRUM 


^min 

(Ksl) 

(NORMALIZED  ABOUT 

100  Ksl) 

STEP 

^tnax 

(Ksl) 

CYCLES 

STEP 

a,raax 

(Ksl) 

ffm1n 
(Ksi ) 

CYCLES 

1 

1.30 

-12. 0C 

10.00 

2 

1.30 

-11.00 

10.00 

3 

2.90 

-15.00 

100.00 

4 

3.00 

-14.00 

10.00 

5 

2.50 

-11.00 

100.00 

6 

1 .60 

-7.00 

210.00 

7 

2.70 

-10.00 

10.00 

8 

1.70 

-6.00 

10.00 

9 

3.20 

-11.00 

1.00 

10 

1 .70 

-5.00 

1 .00 

11 

2.90 

-8.00 

1.00 

12 

5.20 

-11.00 

110.00 

13 

8.10 

-17.00 

100.00 

14 

76.70 

-22.00 

90.00 

15 

87.30 

-22.00 

9.00 

16 

46.00 

-11.00 

90.00 

17 

100.00 

-22.00 

1.00 

18 

45.00 

-7.00 

10.00 

19 

66.80 

-11.00 

110.00 

20 

42.30 

1 .10 

1 .00 

21 

50.10 

1 .40 

10.00 

22 

27.60 

1 .10 

1 .00 

23 

50.00 

5.60 

10.00 

24 

74.50 

8.60 

1 .00 

25 

35.20 

4.90 

10.00 

26 

39.10 

5.50 

100.00 

27 

88.10 

12.60 

2.00 

28 

24.80 

3.80 

10.00 

29 

98.90 

14.70 

1.00 

30 

40.20 

6.60 

100.00 

31 

78.60 

12.50 

1 .00 

32 

83.10 

13.20 

1 .00 

33 

92.10 

15.10 

1 .00 

34 

78.90 

14.50 

1 .00 

35 

85.50 

15.10 

1 .00 

36 

86.60 

15.70 

1 .00 

37 

71  .00 

13.70 

1.00 

38 

25.70 

5.10 

10.00 

39 

36.60 

7.30 

1.00 

40 

61  .60 

12.10 

1 .00 

41 

65.50 

14.70 

10.00 

42 

47.80 

11.10 

100.00 

43 

50.90 

11.60 

100.00 

44 

38.80 

9.70 

1 .00 

45 

22.50 

5.80 

100.00 

46 

45.80 

12.10 

1100.00 

47 

61.40 

15.80 

1.00 

48 

47.80 

12.80 

600.00 

49 

69.50 

18.70 

10.00 

50 

75.70 

20.70 

10.00 

51 

83.30 

22.50 

10.00 

52 

88.70 

23.90 

10.00 

53 

77.60 

21  .40 

10.00 

54 

33.60 

9.90 

10.00 

55 

57.50 

16.60 

100.00 

56 

63.70 

18.60 

10.00 

57 

78.10 

22.90 

10.00 

58 

78.10 

23.00 

10.00 

59 

33.80 

10.10 

1 .00 

60 

42.20 

12.70 

2900.00 

61 

42.00 

13.20 

10.00 

62 

23.00 

7.70 

100.00 

63 

61 .50 

20.50 

100.00 

64 

70.10 

23.20 

10.00 

65 

28.40 

9.60 

100.00 

66 

66.80 

23.40 

10.00 

67 

35.70 

12.80 

10.00 

68 

38.20 

13.80 

100.00 

69 

42.40 

15.40 

800.00 

70 

66.80 

24.00 

90.00 

71 

73.90 

26.70 

10.00 

72 

87.30 

33.30 

1 .00 

73 

61 .50 

24.00 

10.00 

74 

61.50 

24.10 

100.00 

75 

66.80 

26.10 

200.00 

76 

74.50 

29.20 

100.00 

77 

30.90 

12.30 

100.00 

78 

79.40 

31 .80 

100.00 

79 

38.90 

16.10 

100.00 

80 

69.40 

28.20 

100.00 

81 

56.40 

23.90 

100.00 

82 

52.00 

23.00 

100.00 

83 

69.40 

30.30 

200.00 

84 

29.60 

13.40 

1  .00 

85 

33.30 

15.00 

100.00 

86 

54.20 

24.20 

100.00 

87 

63.10 

29.60 

100.00 

88 

51 .60 

24.70 

1 .00 

89 

20.80 

10.10 

199.00 

90 

29.00 

14.30 

10.00 

91 

55.50 

28.70 

1 .00 

92 

27.90 

15.30 

100.00 

93 

76.70 

42.30 

10.00 

94 

48.90 

27.30 

10.00 

95 

64.40 

36.20 

100.00 

96 

44.00 

27.00 

100.00 

97 

52.40 

31 .80 

10.00 

98 

46.70 

29.60 

100.00 

99 

52.00 

35.10 

100.00 

100 

49.70 

34.50 

100.00 

101 

50.30 

34.90 

100.00 

102 

59.40 

41.20 

100.00 

103 

51 .20 

36.40 

100.00 

104 

31 .80 

23.60 

100.00 

105 

52.60 

38.70 

100.00 

106 

68.30 

52.60 

100.00 

107 

64.40 

50.30 

100.00 

108 

26.00 

21.00 

100.00 

109 

63.90 

52.00 

100.00 

no 

57.00 

46.60 

100.00 

111 

61.60 

51.20 

200.00 

112 

2.60 

2.50 

1 .00 
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